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STUDIES OF COLLISIONAL AND NONLINEAR RADIATIVE
PROCESSES FOR DEVELOPMENT OF
UV AND XUV SOURCES

ABSTRACT

Studies of the interaction of matter with high intensity radiation (= 10
W/cm?) are leading to the observation of new physical phenomena and the production
of new classes of highly excited matter. These recently discovered processes
involve atoms, molecules, solids, and dense plasmas. A central factor in the
discussion is the ability to generate very high levels of electronic excitation in a
manner which enables the system to remain kinetically cold for the time scale of
the interaction. This conventionally paradoxical situation, in alliance with the
existence of a new high-field mode of channeled propagation, is highly conducive

to coherent x-ray generation under a rather wide range of circumstances.

crend
gmqﬁﬁxﬁw

Accessicy Por

NTIS GRA&I é
DTIC TAB 0
Unannounced a

Justification e

By

Distribution/
Availability Codes
Avail and/or
Dist Special

a;‘ } N




I INTRODUCTION

The controlled concentration of power in materials is the fundamental issue
for the creation of bright sources of radiation in the x-ray range. If amplification
is desired, this issue acquires a heightened prominence, since gain at these wavelengths
(1-10 /&) requires truly prodigious energy deposition rates! spatially organized in a
high-aspect-ratio volume of matter. The confluence of advances in femtosecond
laser technology, the results of a range of physical measurements, and theoretical
analysis all suggest that electromagnetic coupling, in the strong-field regime (E>>
e/al), may be capable of establishing the demanding conditions necessary for such
amplificaticn.2 In addition, there is a growing body of evidence that fundamentally
new forms of highly excited matter can be produced with strong-field interactions.
Therefore, subjects of marked significance concerning the generation of radiation
at x-ray wavelengths with strong—field coupling are (1) mechanisms leading to
high levels of electronic excitation, particularly those involving ionization and the
excitation of inner-shell states, (2) the characteristics of matter which govern the
efficiency and specific power of x-ray generation, and (3) the physical processes
determining the propagation of intense waves in plasmas. These three basic
questions, and others related directly to them, are the subjects of this report.
II. GENERAL DISCUSSION OF RESEARCH
A. Laser Technology

Advances in femtosecond lasers are extending the exploration of multiphoton
interactions well into the regime for which the external field is greater than an
atomic unit (e/al). The performance projected for ultraviolet rare gas halogen
technology is currently being realized2~11 and new near-infrared solid state systems,
such as Ti:Al,O, are under vigorous development. Both technologies12 should

reach a field strength of ~ 100 e/a; with instruments that produce an output




energy of ~ 1 J. With these experimental tools, intensities approaching 10%
W/cm? will be available, a value comparable to that produced by radiating matter
under vigorous thermonuclear conditions.

The KrF" (248) nm source used for the studies discussed herein is schematically
shown in Fig. (1). This instrument has an output pulse width of = 600 fs, a typical
output pulse energy in the 300-400 mJ range, and good focusability,9 nominally
within a factor of two of the diffraction limit. For example, with a simple f/10
CaF, lens, peak intensities of ~ 10'7 W/cm? are produced even though such a lens
exhibits appreciable spherical aberration. This intensity corresponds to a peak
electric field somewhat above one atomic unit. The application of more sophisticated
focusing systems can clearly generate substantiaily greater field strengths.9:10

A recent modification has incorporated a Ti:Al,0, amplifier into the system
for amplification of the radiation at 745 nm. This change has resuited in approximate—
ly a 40-fold increase in the 248 nm output energy from the crystals to a value of
~ 40 pJ. This enables the generation of a significantly more intense seed beam to
drive the power amplifier. The use of Ti:Al,0, to provide radiation at 745 nm
greatly enhances the performance of the overall laser system. In addition,
modifications of the power amplifier will be made this spring that are expected to
raise the output energy to ~ 1 J or, perhaps, somewhat above.

A more detailed characterization of the pulse shape13 for this system is
becoming available with the use of a technique involving a third order intensity
correlation'4.  The data shown in Fig. (2) illustrate the character of the pulse
shape observed at point A in Fig. (1). One of the properties is a clearly observed
asymmetry in the profile of the pulse, in our case a waveform that rises more rapidly

than it falls. The pulse width measured is T ~ 260 fs.
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Fig. (1): Schematic showing the configuration of the ultrahigh-in-intensity KrF"
laser system used in the studies discussed in the text.
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The ability to concentrate the pulse energy in a small focal zone is another
crucial property necessary for the generation of high field strengths. Fig. (3)
illustrates the focal spot measured at point B in Fig. (1) with an /7 focusing
system. The measured diameter of the focal zone is ~ 6.6 um, a value which
corresponds to ~ 1.5-fold the diffraction limit.

This subpicosecond KrF" (248 nm) laser system has been used to explore the
coupling of intense radiation to atoms, molecules, and solids. The findings of these
experimental studies are discussed in the following sections.

B. Studies of Ion Production

Studies of collision-free ionization have been a valuable source of information
on multiphoton processes15‘18. In particular, such experiments give a direct and
unambiguous measure of the scale of the energy transter occurring between the
radiation field and the free atomic or molecular target. Although most studies
have been conducted with atoms, recent work has begun to examine molecules,
including certain polyatomic systems. The results obtained with both classes of
materials are discussed below.

1. Atoms

Studies of atomic ion production have examined several aspects of the multiphoton

19-22

interaction including (1) the intensity dependence, (2) the atomic number (2)

dependence, 217 (3) the frequency dependence,'823 and (4) the dependence upon
pulse width.21 Important related data concerning the mechanism of ionization has
also come from numerous photoelectraon studiesz4’26. work which has accounted
for the influence of the optical stark effect.27-30

Several models2!22:31-37

have been used to interpret the extant data on
collision—-free multiphoton ionization of the rare gases. If the customary distinction

founded on the Keldysh parameter31 is made, which separates the multiphoton (Y




>> 1) and tunneling (Y << 1) regimes based on the magnitudes of the ionization
and ponderomotive potentials, theories have been developed for both the former31—
33 and the latter,21.34-37 raspectively. |

A tunneling picture has recently been applied to data concerning threshold
ionization of the rare gases in the infrared?! (1.06 um) and ultraviolet?2 (248 nm)
spectral regions. For the infrared study, the data all conformed to the conventional
tunneling regime (Y < 1), and good agreement was found between the experimental
results and the theory. However, since the ponderomotive potential varies as the
square of the wavelength, the data for the ultraviolet experiments corresponded to
conditions significantly outside (Y > 1) of the wvalidity of the normal tunneling
analysis. Interestingly, aithough the uitraviolet study22 involved the Keldysh parameter
in the range 1 < Y < 8, reasonable agreement with the pure tunneling formulation
was still found for the threshold intensities occurring in the 10'* - 10'® W/cm? range.

Figure (4a) presents the experimental data on the threshold ionization intensities
of the rare gases observed with 248-nm irradiation.38  Clearly, a meaningful
statement of a threshold intensity requires some discussion of the ionization rate
defining the limit (threshold) of observation. In these experiments, the ionization

' However, for all the

rate at threshold was estimated3® to be ~ 2 x 10° s
models considered below, calculations show that only a factor of two change in
intensity, either way around this threshold value, aiters the ionization rate by at
least two orders of magnitude. Thus, it is not necessary to know the threshold
ionization rate to high accuracy in order to define the threshold intensity within
relatively narrow limits.

Two important features in Fig. (4a) are readily apparent. Firstly, there is no

obvious functional dependence of the threshold ionization intensity I, on the

ionization potential Ep, and second, a systematic lowering of I, with increasing




atomic number exists. These two salient characteristics have been basic aspects
of the data on multiphoton ionization originating with some of the earliest
observations!” of these processes.

The simplest model of tunneling ionization consists of a one-dimensional (1-D)
coulomb potential.21 In an external static electric field, an electron in this 1-D
atom sees a finite potential barrier to ionization whose width and height depend
on the strength of the field. The threshold intensity I, for ionization can then
be defined as the intensity at which the potential barrier is reduced to the ionization
potential of the atom, the situation allowing for classically allowed escape of the

electron. The result?! of this picture is the relationship
Im=cEg/128we622, (1)

where Ep, Z, ¢, and e are the ionization potential, the charge of the resulting
ion, the speed of light, and the charge of an electron, respectively.

This model has two inherent defects which tend to cancel each other resulting
in a fairly accurate prediction of I;,. First, when the barrier is lowered to the
ionization potential, the barrier is completely removed producing ionization rates
characteristic of atomic time scales (~10'® s™'). Since a rate of this magnitude
is much higher than the applicable threshold rate, the resulting value of the
threshold ionization intensity tends to be overestimated. However, in contrast to
the 1-D picture, the lowering of the potential barrier to the ionization potential
for a three dimensional (3D) atom at the intensity given by Eq.(1), will occur in
only a single spatial direction. In all other directions the potential barrier will be
higher, a situation leading to an underestimation of the threshold ionization intensity.

Eq.(1) reveals two important scaling relationships despite these corrections.

It shows that besides a dependence on Ep, Ity also depends inversely on Z2. This




latter scaling factor can be accounted for by simply considering the combined variable
Ith-ZZ. In addition, the variable I;,-22 varies in direct proportion to E’é
Clearly, a plot of Ith-Z2 versus Ep should exhibit these basic scaling relationships
and Fig. (4b) shows such a representation for the data illustrated in Fig. (4a). The
experimental data are seen to fall almost perfectly on a straight line with a slope
of four and the systematic dependence on atomic number has been significantly
reduced. Furthermore, this agreement for the threshold intensities occurs over a
span of five orders of magnitude in the parameter Ith-Zz. Nevertheless, the
values of Eq.(1) appear consistently too high and there remains a more complex
detailed dependence on the atomic number.

More sophisticated formulations of this process have been developed. For
example, an improved model involves a 3-D atom and the calculation of the tunneling

34,35

rate through the potential barrier at an arbitrary intensity. The resulting

ionization rate for a static electric field in this theory39 is given by
5/2. -1 3/2. —-1
Wei(Es) = 4uwo(2Ep)*/2Es exp( ~2/3(2E) % %Es™" ), @)

for (2Ep)3/2 >> Eg, where Eg is the static field in atomic units (e/ad). Ep the
ionization potential in atomic units (e?/a,), and w, the atomic frequency in atomic
units (4.1 x 10'® s™!). In order to compute the ionization rate generated, Eq.(2)
can be time-averaged over one cycle of the field. This time average can be done
exactly in terms of the K, modified Bessel function.40  However, in the limit

(2Ep)3/2 >>Eg, the expression for the average reduces to a simpler form given by36

Wae = 3/m" /26" e g e, 3)

10




N3

where E is the peak of the alternating field in atomic units.

Eq.(3) can be further improved to include non-hydrogenic systems. The static

ionization rate in this orbital picture is given byse'37

@2+ 1)(2+ [m])! n*—|m|-1
Wep= wo Cdeg Ep (2(215‘,)3/2&"‘)2 exp(-2/3(2Ep) >/ %E7"),

2™l (| m e m]) @

where n* is the effective principle quantum number [n"'=Z(2E'._,)—1/2 ]. & the orbital

angular quantum number, and m the magnetic quantum number. C is a numerical

n*g
constant on the order of two. The approximate time average of Eq.(4) is also
given by Eq.(3).

The last treatment that we consider is the well known Keldysh theory.31 Since
the Y parameter is in the intermediate regime, 1 < Y < 8, a limiting form4! of the
theory is not valid and the full form is necessary.

Figures (5a) through (5c) compare the experimental data for He, Ar, and Xe
from Fig. (5) with the results of the four models represented by Eaq.(1), Eq.(3)
using the static ionization rates for the hydrogenic and nonhydrogenic systems,
and the Keldysh theory, respectively. Several features are manifest. First, both
the 3-D simple atom picture and the Keldysh theory agree well with the experimental
results for helium. However, they become consistently worse for the heavier
atoms particularly at the higher charge states. This trend makes sense as these models
assume exact hydrogenic .potentials, a poor approximation for the heavier atoms.
Second, as noted above, the 1-D model uniformly gives too high a threshold
intensity and tends to be least successful in describing the neutral species. Third,
the 3-D complex model, expressed by Eq.(4), consistently gives reasonable agreement

over the entire range of atomic number and charge states studied. Fourth, the single

1
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point which deviates considerably from all models is the threshold ionization of
neutral xenon shown in Fig.(5¢c). However, this anomaly clearly arises from resonant
multiphoton ionization, since there is a very close two-photon resonance (5p - 6p)
with 248-nm radiation.

The three tunneling models considered here are all quasi-static theories,
equivalently, Y is vanishingly small. However, as mentioned above, the ultraviolet
data all correspond to a regime in which Y is significantly greater than one.
Although a full tunneling ionization model for a coulomb potential and an arbitrary
Y has been solved,36 the form of the solution is extraordinarily complicated. The
consideration of a é-function potential results in a considerably simpler expression
for the ionization rate3® and, from this model, the effect of a variation in Y on
the threshold intensities has been estimated. The finding is that, up to a value
of Y = 3, the threshold intensities decrease by less than a factor of two. Therefore,
the dependence is not particularly strong, but the tendency is for a decrease in
the threshold intensity.

The experimental measurement of threshold ionization intensities is a relatively
simple procedure, but gives results which are rather insensitive to the actual
ionization rates. Theoretical threshold wvalues are correspondingly insensitive to
the details of a given model on the same basis. It follows that it is difficuit to
use threshold data to evaluate the merits of various theories of ionization, unless
very accurate measurements are made. On the other hand, the measurement of
threshold intensities provides a practical and easy method of determining focused
intensities to a reasonable accuracy.

Three main conclusions have emerged from studies of this nature on the
production of atomic ions. First, even using 248-nm irradiation, threshold ionization

intensities can be rather accurately des:ribed by a relatively elementary model of

14
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tunneling ionization, at least for intensities ¥ 10'* W/cm?  Second, while a 1-D
coulomb potential model qualitatively gives the basic scaling laws for tunneling
ionization, a 3-D complex atom picture is required to give uniformly better quantitative
agreement over the entire range of materials and charge states studied. Third,
the measurement of threshold ionization intensities is rather insensitive to the
details of the theoretical models and, therefore, has limited usefulness in testing
alternative models of ionization. Finally, on the basis of the scaling revealed in
these studies, we note that with the use of intensities in excess of 10'* W/cm?
which are now achievable, it should be possible to remove completely the 4d shell
from xenon producing krypton-like Xe'*'. The total energy invested in ionization
for this case would be ~ 3.5 keV. Species with this level of ionization are appropriate
for the production of radiation in the soft x-ray range. Furthermore, considering
that these ions can be kinetically cold, this is a rather unusual state of highly
ionized matter.42

2. Molecules

Studies of molecular ionization have produced additional insights into the
dynamics of multiphoton processes."s—51 Energetic coulomb explosions have been
studied having kinetic energies of the fragments with several tens of eV per
particle, evidence for molecular inner-shell excitation has been observed, and
molecular atomic site—dependent energy deposition has been detected. Furthermore,
these measurements have given rise to the hypothesis that appropriately designed
molecules may enable the selective production of highly excited ionic fragments

suitable for the generation of radiation in the x-ray rangesz. This possibility is

discussed in Section III.A below.

15




a. Atomic Ion Production

Many interesting results have come from the study of a simple triatomic
system (N,O) whose structure is linear and asymmetric (C_,). With irradiation at
248 nm at an intensity of ~ 3 x 10'* W/cm? both atomic and molecular (diatomic)
ionic fragments are seen. Furthermore, since some of the studies®2 have been
performed with isotopic material (**N'®*N'*0), it has been possible to distinguish
the original molecular sites of all the fragments observed in simple measurements
of the ions.

The study of energetic atomic fragments from N,O can reveal considerable
information on the process of molecular multiphoton ionization. In particular, it
is possible to measure the kinetic energies of the products arising from a molecular

47

coulomb explosion with a suitably arranged time—of-flight apparatus. As an

example, we discuss below the results of recent measurements of atomic fragments
produced in °N,'*O conducted under conditions for which the fragment energy
distributions have been determined.

“*N**  produced

Figure (6) illustrates the observed energy distribution for
from '*N,**0. Of course, this experiment does not distinguish between the two
nonequivalent nitrogen positions and both nitrogen sites in the molecule contribute
to the signal. Two aspects of the data are manifest, namely, the presence of
significant structure in the distribution and the scale of the maximum energy
observed. In consideration of the latter, the arrow in Fig. (6) represents a
kinetic energy of ~ 775 eV, the value which represents the endpoint of the
observable signal. Interestingly, 77.5 eV is also the jgnization Qgtgntialsa of ground
state N'* jons. This may be a coincidence, but a possible implication of these

data is that a mechanism exists which effectively limits the kinetic energy of the

fragment to its corresponding ionization potential. Molecular crossings to other state

16
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involving differently charged species, in this case the N*° + @ channel, could
provide the necessary mechanism. In this way, sufficiently energetic molecular
dissociation may, through the action of a crossing, be directed into channels
representing either electronic excitation or ionization. This process could be
imagined as one involving electron promotion in a manner similar to that developed
by Fano and Lichten34 for the description of energetic ion—atom collisions.
Basically, new channels including N*° could be opening with the consequence that
the N*° yield is depressed. Related aspects of this type of interaction are considered
in Section IILA.

The N** kinetic energy distributions, as measured from both N, and N,O,
are distinguished in another way, which may be related to this observation. From
both N, and N,O nitrogen ions with a charge as high as N* are detected.53
Among these ions, however, the N?* species clearly are clearly the most energetic.
This aspect of the observed behavior remains to be understood.

A rough appraisal of the kinetics of molecular dissociation for the N*° data
shown in Fig. (6) is also informative. For this estimate we will assume that the

dissociation occurs as a two-body event of the form
+
X A — LY (5)

with the participation of a (NO)3" fragment. In the ground state5®, N,O has
equilibrium N-N and N-O spacings of 1.128 R and 1.184 R, respectively. If we
assume that the effective location of the (q+) charge on the NO fragment is located
at its midpoint, then the N ion is at a distance of r, ~ 3.25 a,. The total coulomb

energy release E, is then given approximately by
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3q e
(D)@
3.25 a

The full kinetic energy Ey associated with the dissociation, given the equal magnitudes

of the momenta for the two fragments, is

Mn
£ - ENso(1 N ) - 1.47 Epoe, ™
MNo

in which Epn corresponds to the measured N** kinetic energy with My and Mpo
representing the masses of the N°° and (NO)3° fragments, respectively. For En
= 775 eV, Ex = 114 eV. Equating E = E., we obtain q = 4.6, which we interpret
as q = 5 for the NO9G* fragment. Since the NO9* fragment involves two atoms, an
eftective value of q = 5 for the diatomic fragment does not appear unreasonable
for conditions that would generate N°°. Obviously, considerable further study will
be necessary to fully ascertain the dynamics of these complex dissociations.

An important basic consideration relates to these molecular data. In the
example examined in relation to Fig. (6), the nascent system produced is a species
of the form (N,0)9; with a charge q, representing several electrons, perhaps,
with a value of q, ~ 8 as estimated above. Moreover, this muitiply charged
system is produced by an interaction causing a_negligible transfer of momentum t
the_molecule. Core state excitation followed by Auger decay can produce muitiple
ionization, but generally that process generates for this molecule only doubly

ionized materialm‘58

with perhaps, a small fraction of triply ionized ions. Basically,
the maximum level of ionization that can be attained by the Auger mechanism for
molecules composed of atoms having relatively low atomic numbers is modest.

Energetic heavy ion coliisionssg'GO

can generate considerably higher levels of
ionization, but this interaction generally imparts a very substantial recoil momentum
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to the constituents of the molecular targets®2. However, the combination of (1) a

recoil-free interaction and a (2) high level of ionization can be quite simply achieved

by the strong-field multiquantum mechanism. This method, therefore, enables the
unique production of forius of kinetically cold highly excited matter42 that are
essentially impossible to produce by other available methods52. Therefore, these
results give evidence that entirely new forms of excited material can be generated
by strong-tield coupling. Further discussion of this important point is presented
in Section III.C.2.

b.  Molecular Site-Specific Energy Deposition

Previous experimental studies“z“w'51

of N, and N,O suggest that strong-
field coupling may produce atomic site—selective energy deposition in molecules.
Such a process would represent the multiphoton analogue of the site—specific excitation

61-64 This could be observed,

that can be achieved with the absorption of x-rays.
for example, with the nitrogen atoms in N,O, a linear molecule with the structure
NNO. The two nitrogen atoms sites in N,O are nonequivalent; one resides on the
end of the molecule while the other is located in the central position.

In preliminary experiments, the comparison of the fluorescence spectra
exhibited by N, and N,O in the 70-nm to 80-nm range, in relation to the behavior
of certain N*' lines involving 1s2p® doubly excited levels, has furnished specific
evidence indicating this type of site—selective behavior. In order to verify this
hypothesis, isotopic studies of ionic fragmentation have been performed to more
fully examine these processes. For example, since 'N'*NO and *N'*NO can be
readily ::,ynthesized65 from isotopically substituted NH/NO,, the phenomenon of

site~selective energy deposition can be sensitively and easily detected by comparative

studies of ion production in 'N'*NO and the isotopic variants. The same isotopic
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material was also used to facilitate the measurements described below in Section
[1.B.2.c concerning the production of diatomic ionic fragments.

Initial experiments using ‘“N'*N'®O, have confirmed the expected site
dependence from measurements of the charge state spectrum of the nitrogen ion
fragments. A clear demonstration of this dependence is illustrated in Fig. (7).
For the range of flight times involving the singly charged species N' and O (13
<€ M/q € 17), normal (**N'*N'*0) material produces the signal shown in Fig. (7a).

In this case, it is impossible to distinguish the N’ ions coming from the two
different molecular sites.

In considering the data shown in Fig. (7), it should be understood that the
shapes of the ion signals are determined by both the instrumental response and
the  kinetic energies of the fragments. The individual ion signals are actually
composed of twg components which are not fully resolved in these relatively low
energy resolution data. One component arises from ions initially formed with velocities
parallel to the time—of-flight direction while the other arises from ions whose initial
velocity is anti-parallel to that vector. The two peaks are of unequal height and
width due to the detailed nature of the trajectories which, in turn, are determined
by the extraction and acceleration voltages used in the time-of-flight apparatus‘”.
Naturally, the total ion yield is given by the integral of the signal.

The same region of the time—of-flight spectrum is shown in Fig. (7b) for
*N'SN'®0. In this case, a small quantity of “°Ar was present and the “°Ar** signal
is clearly seen. The argon peak can be used to calibrate tne time-of-flight axis
and give a direct measure of the instrumental width determined by the apparatus.

In this regard, note the narrow and symmetric shape of the “°Ar®* signal.
Three distinct signals arising from the '*N!°N'®Q are clearly represented in

Fig. (7b). Plainly, the total yield of the '*N° iors is approximately one half of
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the '*N° yield. Although several different detailed pathways can lead to the observed
distribution, the outcome is that the total probability of producing singly charged
ions depends upon the molecular site. We note that the widths of **N and N
signals, which indicate the range of kinetic energies of the fragments, are also
quite different, with the former exhibiting a considerably narrower value. This
conforms to the expectation that the atom in the center (**N) would develop, in
the process of fragmentation, a relatively smaller kinetic energy than the atoms

on the ends of the molecule.so‘66

Similar general characteristics, in regard to
both the signal strengths and widths, are also seen in the N*' channel in comparison
of the "N and '*N** signals.

¢. Diatomic Ion Yields

Informative behavior is also exhibited by the observation of diatomic fragments
such as N; and NO°. The data on these ions for '*N'*N'*O are shown in Fig.
(8). In this case, the '°N'®Q’ vyield appears to be slightly greater than the
N'*N°* vyield. This result provides an interesting comparison with the yield ratio
of these fragments formed by other known processes. For example, it is considerably

67.68 of N,O at 304 nm and also

different than that observed by photoionization
appears to differ from the ratio observed in other multiphoton studies,30 conducted
under somewhat different conditions of irradiation, at least for the N,0** — N’

+ NO° channel. However, the observed ratio is rather close to that seen61 when

monochromatic soft x-rays (~ 405 eV) are used to excite N,O. With a quantum

energy of ~ 405 eV, the 20 core electron on the central nitrogen atom is selectively
excited to an empty 37 orbital, thereby initially concentrating the deposited
energy at the molecular midpoint. A similar conclusion follows57 when the 1s —
2p* orbital is excited on the O atom at ~ 536 eV. Interestingly, it is also known

57.64

that Auger spectra in N,O are sensitive to the site of excitation Finally,
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the comparison of the results in Fig. (7) with those obtained from electron scattering-"0

is at present uncertain, since the latter reveal an unexpected difference in the
NO‘/N; ratio in relation to the findings observed with soft x-ray excitation57.
QOverall, the comparison on the basis of the fragment yield ratio of the multiphoton
data with the resuits of other experiments on N,O suggests that the experimental
findings are consistent with a picture of the interaction involving a significant
level of localization of the deposited energy in the NO region of the molecule.
Considerable further work will be necessary to fully test this hypothesis.

The appreciable yield of NO® gives rise to a further interpretationn. The
NO® system represents a triple bond72. whereas, initially in the N,O system, the
considerably stronger bond occurs between the two nitrogens. This implies the
movement of a significant electron density along the axis of the molecule in the
mechanism leading to the formation of the NO® fragment. Given the large number
of molecular state crossings72 that are expected to exist at the level of excitation
pertinent to such a transition, it seems unlikely that this flow of charge would
occur adiabatically71 and channels leading to the production of excited states may
be significant. The application of a sufficiently strong external field could be
effective in generating such a motion. Considerable further analysis of these
questions, particularly in light of known information on the photodissociation of

72,73

highly excited molecules, is clearly necessary.

C. Radiation Studies
Over the past several years, many processes involving the production of

radiation have been examined. These studies have involved measurements of

51,74,75 74,76,77

harmonic generation in gases, parametric processes.78

and x-ray generation from solid matter.7g_85 In the sections following directly

fluorescence,

below, we discuss certain aspects of this area of research.
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1.  Fluorescence from Atomic lons

The experimental arrangement used to conduct the studies of the radiation
produced in gases is illustrated in Fig. (9). The source initially used for irradiation
of the target gases was KrF* (248-nm) laser system7 that produced pulses having
a maximum energy of ~ 20 mJ and a minimum pulse duration86 of ~ 350 fs. A 23—
cm (f/10) focal-length lens focused the 248-nm laser radiation into a gaseous target
produced by a modified Lasertechnics pulsed gas jet. With this optical system,
the intensity in the focal region was estimated to be in the range of ~ 10'°- 10%¢
W/cm?.  Subsequently experiments utilizing the more powerful source illustrated in
Fig. (1) enabled the achievement of focal intensities approximately one order of
magnitude higher.

The gas jet was mounted 11.5 cm in front of the entrance slit of a 2.2-m
grazing—incidence spectrometer (McPherson Model 247) equipped with a 600-line/mm
gold—coated spherical grating blazed at 120 nm. A single-stage microchannel plate
with a phosphored fiber—optic anode served as the detector. Mounting of the
detector tangentially to the Rowland circle of the spectrometer allowed the observation
of radiation between 7.5 and 80 nm. The FWHM resolution and accuracy of the
spectrometer—detector system were typically ~ 0.1 nm. The pulsed~gas valve, which
was modified to allow a backing pressure up to ~ 5 x 10" Torr (1000 psi), was
typically operated in the range of ~ 10* to ~ 3 x 10" Torr with a pulse repetition
rate of 2 Hz. Background pressures in various parts of the apparatus are indicated
in Fig. (9). The laser was focused to a position a few hundred micrometers above
the nozzle tip which had a diameter of 0.5 mm and a throat depth of 1 mm. The
estimated gas density in the interaction region was ~ 10'* cm™.

In the studies employing the gas jet, fluorescence shorter than 10 nm from

orbitally excited ions of Ar, Kr, and Xe has been observed. A region of the spectrum
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Fig. (9): Schematic of pulsed—gas jet and spectrometer—detector assembly used in
studies of emitted radiation. Typical background pressures are indicated.
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obtained for Kr is shown in Fig. (10), which illustrates two general features of
these observed spectra. They are (1) identified radiation from high charge states
and (2) an abundance of unidentified lines.

Table I summarizes the main properties of the observed fluorescence in Ar, Kr,
and Xe. In all three materials a large number of emissions was seen. Although
specific identification was often possible, as illustrated in Fig. (10) and Table I, a
considerable fraction of the observed transitions could not be associated with the
known spectra of any ionic species. It seems possible that multiply excited levels
and/or core—excited states could account for some of these anomalous spectral
features. At present, the information on the properties of such states, particularly

for ionic spectra,ms_107

is quite meager.

The large aperture KrF (248 mm) laser system9 shown in Fig. (1) has also
been used for spectroscopic studies of gaseous targets. With this system, the
intensity produced is somewhat greater than that used for the lines observed in
Table 1 and radiation from the L-shell of argon originating from Ar** has been
observed. The spectrum of argon shown in Fig. (11) clearly shows the presence
of the well knownS3 2s2p®* — 2s?2p® doublet along with the 4p — 3s line of
Ar’*. It is also noted that the production of ground state Ar>* from Ar**, by
the removal of a 2p electron, requires a minimum of 422 eV and that the total
energy investment needed to produce Ar®° from the neutral atom exceeds a

08

kilovolt. Analysis1 of these data showed that the most consistent explanation is

that the laser pulse creates a plasma, through a process not yet thoroughly understood,

containing Ar’*, Ar*, and Ar®" with an effective electron temperature of ~ 20

eV. This temperature is sufficient to excite the Ar’* states and the first excited

108

state of Ar*, but no levels in Ar*. The conclusion is that the lines observed

in Ar’* are fully consistent with a collisional-radiative model of the plasma with
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Fig. (11):
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At

Table I

Main Properties of the Fluorescence Observed

from Ar, Kr, and Xe with 248-nm Radiation at an

Intensity of ~ 10** - 10** w/cm?

Material Ar Kr Xe

Ionic charge 4+, 5+, 6+, 7+, 6+, 7+,
states observed 6+, 7+ 8+ 8+

Wavelength range 12.0-471 9.9-45.3 9.8-48.1
of emission (nm)

Typical 7+
identified 6s —— Sp
transition 7+ 7+ 7+

4f — 3d 5p — 4s 4d®sss5p — 4d'%ss

Unidentified Many Many Many
emissions

References 53,8588 53,89-95 96-103
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an electron temperature of ~ 20 eV. However, in this picture the mechanism of
formation of the Ar’* ions is not explained, since independent ion production
studies in the collision-free regime did not show production of Ar® under the
same conditions of irradiation. It is conjectured that the third harmonic radiation

at 83 nm76'77

produced in the plasma may be playing a role in the appearance of
the Ar’ transitions. Therefore, although much has been accomplished to understand
the properties of these rare gas plasmas, considerable work remains to be done in
unraveling the details of the observed spectra, particularly in connection with
radiation originating from the higher charge states.

2. Fluorescence from Ionic Molecules

Intense fluorescence from an intact molecular ion (N,”) has been observedS!
after irradiation of N, at an intensity of ~ 10'* W/cm®. The emission was strong
and somewhat unexpected, since the probability for survival of intact molecular
species might be presumed to be small under such conditions. Certain molecular
systems, nevertheless, are detected in ion charge state spectra, as shown in Fig.
(8). These finding are providing hints on the details of the complex nature of the
molecular coupling to intense radiation.

The experimental results on fluorescence from N,?" indicate the excitation of
inner electrons by a direct multiquantum process. The specific system illustrating
this process is the production of 2og holes in N, the formation of which have
been detected in two different kinds of experimental studies. The initial hint
came from the measurementd’ of kinetic energy distributions of ionic fragments
produced in N, with subpicosecond 248-nm radiation which indicated the presence
of the charge asymmetric channel

Ny — N + N (8)
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resulting from muitiphoton ionization. Interestingly, in experiments performed
with subpicosecond 600-nm radiation, although some differences in the branching

46,47

of the fragment charge distributions appear, additional evidence was also

indicated1 09

for reaction (8).

Since other experiments110 examining soft x-ray produced fragmentation of N,
showed that process (8) corresponds to the production of a two-hole state having
an excitation energy of ~ 70 eV, the obvious implication was that the laser excitation

produced a similar configuration of molecular excitation. The states“"112

implicated
in the x-ray studies110 of N,, which has the ground state configuration (109)’(10u)2_
(209)’(2%)’(1vu)"(SUg)’, were ‘xg(zcg", 3cg“1. ‘zu[mg“, 20,7], and ‘nutzag".
11ru"], all involving a Zag hole. We note that the 2cg orbital has a binding
energy of 37.7 eV, a value considerably higher than the 20, (18.7eV), 17, (15.6
eV), and Sag (16.7eV) orbitals. Therefore, the N,** states having a ch vacancy
and correlating to the N> + N asymptote have an energy substantially above the

13 in N, which are associated with the N* + N° limit.

lowest manifold of states1

We describe below the observation of a very intense band of radiation at ~
55.8 nm which appears to be fundamentally related to the mode of excitation
producing the charge asymmetric fragmentation represented by process (8). These
experiments were performed at an intensity of ~ 10** W/cm?® with a pulse width
of ~ 600 fs, conditions close to those pertaining to the ion studies reported in
Section 11.B.2.

The 55.8-nm emission was, at the outset, highly unusual in one obvious
respect.  Although the spectrum of N, has been studied for nearly a century112
with many techniques of excitation, it was not possible to find any previous

53,112,114

report of such a characteristic emission originating from material composed

solely of nitrogen atoms or molecules in either neutral or ionic form. From this
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fact alone, it appears that the observation of the 55.8-nm band originates from the
excitation of a new class of states and that the strong production of these levels
is intimately connected with the basic nature of the multiquantum mechanism
involved in the coupling to the molecule. This line of reasoning and its implications
in regard to the generation of x-rays and the comparison with collisional processes
are explored below in Sections III.A and III.C, respectively.

The hypothesis that emerged from the analysis of the 55.8-nm radiation is
that it originates from a quasi-bound ‘N, level of N, having a (zog",mu")
configuration which undergoes a bound-bound transition terminating on the D’ﬂg

5‘. In addition, the previous studies

level associated with the N° + N’ asymptote
of ionic fragmentation,47 combined with the comparison of the resuits under
comparable experimental conditions with N,O, indicate that the 209 vacancy is
produced by a direct multiphoton process in N, leading to an excited state of the
type (N** + N), namely, a level with evident charge—transfer character. Therefore,
the findings concerning the fluorescence are fully consistent with the results
independently derived from the ion studies47

Overall, several transitions were assigned arising from the production of the
2°g vacancy. Qualitatively, the relative strengths of the molecular features could

be accounted for by the overlap of the wavefunctions involved in the transitions.

Basically, the transition producing the 55.8-nm radiation is

204" — 2047 + Y, (9)
a case which has a very favorable overlap, a fact that can be seen directly by
. . , , 115,116
visualization of the wavefunctions of those two orbitals.
The spectrum in the region ~ 56 nm is shown in Fig. (12). Particularly

significant from the standpoint of the identification is the measured width of the

molecular feature, with respect to the widths of known N° lines, and the accompanying
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presence of a vibrational progression (v = 0, 1, 2). The molecular energy level
diagram derived from the analysis51 is illustrated in Fig. (13). Finally, Table II
summarizes the assignments of the molecular features observed.

This spectroscopic evidence carries with it an important implication. Combined
with the results stemming from the ion studies.47 the indication is that the 2ag
vacancy is produced by a direct multiphoton process in N, leading to an excited
state of (N** + N) character. Indeed, in referring to Table II, the presence of
one transition (59.15 nm) implies that the ch electron can be removed without the
additional loss of any valence electrons. For this to occur, the removal of the
outer more weakly bound electrons must be sufficiently slow so that the interaction
can communicate the energy needed to excite the 2°g orbital before the outer shells
are ionized. Controversy has existed on this point for some years.26'43'”7_119
There is, however, some more recent theoretical analysis indicating that such a
suppression of the ionization rate may be able to occur at sufficiently high
frequency.‘zo"123

3. X-Ray Generation from Solid Targets

Solid materiais offer the possibility of combining a high particle density with
a very high level of electronic excitation, if the deposition of energy in the solid
can be made to occur sufficiently rapidly. ‘digh brightness subpicosecond light sources
of the type shown in Fig. (1) now enable such rapid excitation to be achieved.
Given the fact that the studies of ionization described in Section II.B indicated
total energy investments of ~ 1 keV per atom, at least for the heavier materials,
the immediate suggestion is that a properly irradiated solid could serve as a
powerful source of x-rays in the kilovolt region.

Consider a slab of unit area with density p and thickness & which, upon

excitation with intense subpicosecond radiation, produces radiation in the kilovoit
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Fig. (13):
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TABLE II

Assignment of Observed Transitions to
States of Molecular Nitrogen Ions

Observed
Wavelength Energy Identification* Vibrational* Electronic

{nm) (eV) Levels (v-V') Configuration**
67.57 18.35 N,*":A" M, - G *Ng 0-1 2097 1wyt - 20 1y
59.15 20.96 N, "X Eg = A 7T, 0-0 2097 - 11,
57.16 21.69 N, A", - E Mg 0 -1 2097 11yt - 20,7 1,
57.02 21.74 N,*":A" M, ~ E Mg 0-0 2097 1wyt 20, 1,
55.84 22.20 N,*":A" T, - D g 0-0 2097 1wyt - 20,7 1,
55.21 22.46 N,*":A" T, - D 'y 1-0 2097 1y~ 20, 1y
54.76 22.64 N,*":A" My - D *Mg 2-0 2047 1wy - 20,7 1,
48.56 25.53 N,* A" Ty~ ALy 0-0 2097 1wt -

* Using calculations from Ref. (111) and authors' estimates

**  Determined from Ref. (109)

*** Lower state not included in Ref. (109)
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spectral range. In order to set the scale, we want to obtain a simple upper bound
on the achievable x-ray intensity. Since the time of excitation is short, as a
first approximation, we will ignore the hydrodynamical expansion, a process which
will occur roughly at a rate of ~ 1-10 ,&/fs. An upper limit on the x-ray intensity
Iym can then be simply written as

haypé

Ixm ' (10)
21,

in which hw, represents a kilovolt quantum and 1, is the effective radiative rate
of the excited material. For the present discussion, we will set p as solid density
(~ 1.7 x 10® c¢m™) and take as the lower limit for 1, a typical radiative rate for
kilovolt transitions. For the latter will use the range 2 x 107" < 1, € 107 s
as a rough measure.124 If we take for & the recently measured value8® of the depth
of energy penetration of ~ 250-300 nm for MgF,/SiO, targets irradiated with 248
nm at an intensity of ~ 3 x 10'®* W/cm? as described in Appendix A, Eq. (2) can
be evaluated. With these parameters we find 3 x 10" < I, € 2 x 10'® W/cm?
This simple upper limit on I, can now be compared to the experimental result,125
as described in Appendix B.

An experimental concern in studies of the interaction of intense radiation
with solid matter is the influence of any low intensity prepulse on the true state
of the irradiated system. As discussed in Appendix C, it' has been experimentaily
4ound'?6 that the interference of the prepulse can be entirely eliminated at 248 nm
by the use of a target composed of ultraviolet transmitting materials. For example,
MgF, CaF, and BaF, exhibit essentially no absorption up to relatively high intensities

and studies have demonstrated that these values are sufficiently high to prevent

any significant influence by the prepulse. This enables the intense subpicosecond
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energy to couple directly to virgin solid matter.es'ms'126

The experimental configuration used for the measurement of the x-ray emission
from solid BaF, targets is described fully in Appendix B. The spectrum observed
from BaF, irradiated at a peak intensity of ~ 0.3-1.0 x 10'7 W/cm? exhibited
strong emission in the 9-13 R range as shown in Fig. (14). The positions of
three M-shell thresholds for Xe (Z = 54) are also indicated for reference. In
addition to the spectrum, calibration of the film revealed that ~ 2-4 mJ of x-rays
were produced on each shot. These measurements showed, assuming isotropic
emission from the plasma, that the experimentally radiated intensity [, was
approximately I, ~ (0.5 x 1.0) x 10'® W/cm®. We see immediately that this value
falls in the range given by the estimate of the upper bound Iy,. The measured
performance, therefore, appears very close to the maximum possible. Although
such a source is incoherent, a radiation rate of this magnitude, coupled with the
relatively narrow spectrum shown in Fig. (14), constitutes a source of extremely
high spectral brightness that can produce unusually high excitation rates in absorbing
material. We consider the case of xenon as an example, a material whose M-shell
absorptions, as shown in Fig. (14), are very well matched to the measured BaF,
spectrum.

Consider the response of xenon atoms located close to the x-ray source.
The production rate ¢y of M-shell vacancies is given approximately by

Irom

oy ~ — (11)
hwx

- , .1
in which gy (~ 2 x 107'* cm? denotes the absorption cross section 28 4t xenon

at ~ 1 keV. From Eq. (11) we obtain ¢y ~ 10'"s™, a rate which is not far

below the Auger decay rates of such M-shell vacancies. For example, an M,
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129,130

vacancy has a theoretically estimated width in xenon of "'M,) = 4.83 eV, a

value which corresponds to a decay time T ~ 0.4 fs. The probability P, of producing

a direct double vacancy is then on the order of
P, ~ (dmqT)? ~ 107 . (12)

Since such double M-shell vacancy131 states would be expected to have Auger

132 or double vacancies

patterns signiticantly different from both single vacancies
produced sequentially, a fraction of this magnitude (~ 10°%) may be sufficiently
large for experimental detection. With very few exceptions, such shell-specific

double—-vacancy states constitute a virtually unexplored class of excited matter.133_

137
III. DISCUSSION OF NEW POSSIBILITIES

The production of bright x-ray sources, as stated in the Introduction, is
centered on the controlled and rapid production of x-ray emitters in an appropriate
spatial volume. In this context three concepts are currently beginning evaluation.
One involves the behavior of highly excited molecules, and is related to the
discussions in Sections I1.B.2, 11.C.2, the second involves the studies of solids, as
described in Section [1.C.3, and the final topic concerns modes of electromagnetic
propagation occurring in the strong-field regime. While not fully examined and
speculative, on the basis of the experimental and theoretical results currently
available, these topics clearly represent fertile and important new areas of active
research.
A. Molecular Processes for X-Ray Generation

The results described in Sections 11.B.2 and 11.C.2 above lead directly to the
formulation of a new principle of molecular design for x-ray emitting systems.
The specific findings that lead to this conclusion are summarized in Table III.

The properties of the strong-—field coupling compiled in Table III are fundamentai

to the production of coherent radiation of x-ray wavelengths primarily because
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they enable the combination of (1) very highly excited forms of matter with (2)
the characteristics of dense cold materials. This aspect of the coupllngs2 is
considered further, particularly in comparison with collisional process.52 in Section
I1I1.B of Appendix D. Such circumstances are exceptionally conducive to the
generation of amplification at x-ray wavelengths. It is the achievement of this
conventionally paradoxical condition, which can be made to occur in_the molecular
frame, that permits the controlled generation of the very high rate of excited
state production necessary for x-ray amplification. Moreover, since molecular systems
are utilized, specific molecular designs can be created whose properties selectively
govern the flow of energy into particular excited states. The resulting wavelength
of emission will thereby be dependent upon the detailed structure of the molecular
system.

These considerations are now illustrated within the framework of a particular
example. Since we desire a high energy deposition localized on a particular atom,
the results of the work described above indicate that this may be accomplished
by placing a relatively heavy atom on a line between two lighter systems. We
now assume that the axis defined in this way coincides with the polarization vector
of the incident radiation. In order to take advantage of the anisotropy of the

interaction44““':"47'50

, we now place two atoms, one on either side adjacent to the
heavy atom on a line perpendicular to the original axis. In this form, the system
has the shape of a cross. Since it is inconvenient to orient molecules, we now add
two more atoms extending on either side of the central atom out of the plane of

the cross. If, for simplicity, we let the six lighter systems be equivalent, the

result is an octahedral molecule (O symmetry) with the heavy atom in the center.
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TABLE III

Features of Strong-Field Multiquantum
Interaction Which Lead to Molecular X-Ray Emitter Design

Property of Interaction References to Discussion

(1). Fields € >> e/a; (1). Ref. (9) and Ref. (10)
can be readily produced

(2). Rapid energy transfer to (2). Ref. (47) and Ref. (51)

molecule, At ~ \/c,
ar small ~ 0.1 A

(3). Coupling exhibits strong (3). Ref. (44), Ref. (46), and
anisotropy, mainly parallel Ref. (50), and Ref. (107)
to molecular axis

(4). Substantial e” displacements Ax (4). Ref. (47) and Ref. (51)
driven for € >> e/a}; Ox S r,

(5). Inner molecular shells can be (5). Ref. (51)
directly excited [e.g. N,(204)}.

(6). Site selective molecular energy (6). Ref. (42) and Section I[I.B.
deposition (N,O/N,). 2.b above.

Specific examples would be SF,, MofF,, and UF,, all of which are convenient gas
phase species at room temperature. A molecule with Op symmetry, of course, will
always present an axis involving the two lighter atoms with the central heavy
atom which is favorably aligned with the polarization vector of the incident radiation.

We now consider, as a specific example, the behavior of a molecule (SF;) as
a result of intense irradiation in light of the considerations described above. In
order to perform this analysis, we introduce a simplification that enables the
system to be regarded as a diatomic molecule. Hence, we will assume that the
central S atom interacts primarily with a single F atom. A slight breaking of the
Op symmetry occurring, for example. through vibrational excitation couid be
envisioned as the physical basis for this dynamical choice. Aithough we anticipate
that the remaining F atoms will influence the molecular behavior, we expect that
many of the important features of the dynamics will be revealed by the simpler

diatomic picture.
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Consider the SF diatom in the charge state SF'”* as a simple illustration.
Due to the ability bto produce site-selecilve energy deposition (point (6) in Table
I1I), we will assume that the ionization is distributed as S'** - F**. For ground
state atoms, this gives the configurations S$'*°(1s2s®) and F*°(1s%2s®), both of
which give 'S, terms and, consequently, a single L' molecular state. Furthermore,
since the energy transfer producing the ionization occurs very rapidly (point (2)
in Table III, also see Section III.B in Appendix D), we take the Initial internuclear
separation of the SF'’° system as equivalent to the S-F internuclear distance
occurring in the neutral parent SF, molecule. This distance is r, = 1.56 R. The
point (A) representing this situation can now be placed on the molecular energy
level diagram shown in Fig. (15) along with the corresponding 't* coulomb state.
From this initial configuration, point (A), the system will begin to evolve along
the ‘I’ curve. Furthermore, since essentially ng momentym52 was communicated
to atoms in the molecule during the strong—field multiquantum excitation, the
dissociative motion along the 'L’ curve begins with a vanishing velocity (v = 0).
As the diatomic system dissociates, curve crossings will be encountered, such as
the one labeled (B), shown arising from the (S'**)* + F** curve.
Several important aspects of the process are illustrated in the diagram of
Fig. (15). They are (1) a crossing to the ground state S'*°+ F*" configuration
is not accessible, (2) the crossing leading to excited (S***)* by electron transfer
is reached, since r, > r,, (3) the velocity at point (B) can be very low, and (4)
the dynamics of the crossing will be governed only by radial couplings.
The behavior at such crossings is well described in the Landau-Zener picture‘ae.

The probability P of going though the crossing and remaining on the original

curve is given by

2
P = exp —(L)( [Vaal ) , (13)
2wv/ \ d/dR(E,-E,)
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in which R is the internuclear coordinate, v is the velocity, V,, represents the
matrix element for the radial coupling, and E,(R) and E,(R) denote the energies
of the participating states. We note immediately that
lim P = 0, (14)
v=0
so that gfficient crossing is expected to the (S'*')* + F* curve, which generates
highly excited (S'*")* ions, since v is small. Furthermore, such crossings confer
substantial selectivity on the state (S''")* produced through the properties of the
radial matrix element V,,. For example, since the interaction is radial, no angular
momentum is coupled to the electrons and crossings are only permitted to other

54 for the

curves of the same ('L') symmetry. This is a powerful selection rule
selective channeling of energy into a restricted set of excited quantum states.
Experimental evidence has shown that such mechanisms can be quite effective in
selectively generating excited states from both rnolecular139 and quasi-molecular/col-
Iisional140 systems.  Finally, for the states shown in Fig. (15) representing the
($''*)* levels, the corresponding wavelength is A, = 40 A (~ 300 eV).

The most important aspect of Fig. (15) is the fact that the nature of the

particle interactions is such that no single step enables a direct transition from
the initially excited configyration to the groynd state of the atomic system of

interest (S''").  Therefore, the dynamics of the excited material force the energy
to flow in an orderly pathway that leads inevitably to the excited states of the system.
For the free ion, th i vailabl wow hannel __involv radiation. In
summary, a dominant energy pathway in the mechanism of molecular relaxation
of the excited system is established which contains a segment that can be traversed

only by the emission of radiation. When this general circumstance is present,
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Fig. (15): Partial potentlal energy diagram of $9,° + F9,° (q, + G = 17)

system. Note that the electron transfer crossing at r, is such
that r, > r,. For S'*°, A\, = 40 A (~300eV). The ordinate is not
drawn to a linear scale.
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stimulated emission from the resulting highly nonequilibrium distribution of states
can be readily generated. This situation is directly analogous to that occurring in
excimer mediaM“

B. Hard X-Ray Generation from Solid Targets

As discussed in Section 11.C.3 and Appendix B, very intense emission in the
9-13 A range arising from M-shell transitions in Ba ions was observed from BaF,.
Indeed, the strength of the observed emission was so great that it was only
slightly below an estimate of the upper bound possible. The model used to develop
the estimate of the upper bound was both simple and extreme. Basically, it
required that every atom in the radiating volume radiate a kilovoit quantum in
the radiative lifetime of the Ba ion. This type of picture, obviously, represents
an extraordinary level of excitation. In such circumstances, it is natural to inquire
if excitation of deeper lying states might also be occurring, albeit, at a significantly
lower rate.

For Ba, the next level of excitation would correspond to the L-shell, the
et:iges128 of which lie in the 5-6 keV region (~ 2 K). In order to check for the
presence of such radiation in this range, we equipped the spectrometer with a Si
(111) crystal and examined the region ~ 2 A experimentally. The spectrum produced
in this preliminary study is shown in Fig. (16). The film shows a definite exposure
in the region (shaded) ~ 2 A.  We note that the calibration of the wavelength
may be uncertain as much as ~ 0.5 R. The recorded strength of the exposure is ~
1-2% of the kilovolt (9-13 .&) spectrum shown in Fig. (14). Although the detected
emission lies in the anticipated spectral region, the lineshape is not of the expected
form and considerable further work needs to be done to clarify the origins and
properties of this observed radiation. Obvious points of interest are the scaling
relationships on intensity and atomic number (Z) governing the production of

emission in the multi-kilovolt range.
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C. General Consideration of Multiquantum Strong-Field Excitation

Two important conclusions concerning the character of strong-field multiquantum
coupling stem from the discussion given in sections above. They involve (1) the
ability to selectively excite inner electrons and (2) the general nature of the
strong-field coupling to molecules.

1.  Inner-Electron Excitation

As described in Section II.C.2, the observation of new band radiation at 55.8
nm from transitions involving inner—orbitals in N; and N3°, produced by a direct
multiphoton process involving N, in reactions of the form

nY + N, (X ‘zé) - N; (209") + e (15)
and

NY + Ny(X 'Lg) = N;*" (2047, 1my7) + e + ¢, (16)

provides strong evidence that deeply bound electrons, in this case 209, can be

directly excited117.119 by strong-field processes without extensive loss of more weakly
bound outer valence electrons. It is expected that this feature of the interaction
will manifest itself in many materials. Conventional pictures of multiphoton
processes, particularly those involving the sequential emission of outer electrons
from the system, do not provide a basis for understanding these results. Moreover,
although N, has been one of the most common subjects of spectroscopic analysis
for nearly a century, it is striking that the 55.8 nm band was one of the strongest
features in the spectrum, but had never previously been observed. These facts
suggest the presence of an important new feature in the mechanism of coupling.
We now examine that aspect with the use of a simple approximate model of the
interaction.

2. General Features of Strong-Field Coupling

In addition to providing specific data on N, and its ions, the information
obtained from the studies of ion production“7 and fluorescence described above in

Section [1.C.2 leads to an important general hypothesis concerning the basic character
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of molecular muiltiphoton interactions in the strong-field (E > e/a,) regime.
Through comparison with electron and ion collisional processes, it will be shown
that there is a large class of excitations which can be strongly excited anly by
strang—field coupling. Therefore, new states of excitation uniquely produced by
the strong-field mode of interaction are generally expected for all _molecular
materials _regardless of _structure or composition. Furthermore, it will be seen
that the excited states produced naturally by this form of interaction would commonly
embody highly asymmetric charge distributions.

The comparison42 with charged-particle collisions can be accomplished in two
ways, both of which express different aspects of the dynamics of coupling. One
examines the pattern of the electric force developed during the collision while
the other represents the encounter graphically in terms of variables describing
(1) the maximum electric field € produced and (2) the energy transfer E;
communicated to the molecular system during the collisional event.

We now describe a very simple approximate picture in order to present this
comparison.  Consider the ion-molecule (N,) collisional process illustrated in Fig.
(17a) involving an ion having charge Ze and velocity v colliding with impact parameter
b. We assume that the ion follows a classical straight-line trajectory approximately
perpendicular to the molecular axis. As the collision proceeds, the electric field
from the ion experienced by the molecule varies appreciably in both magnitude and
direction. Only at point B on the trajectory is the field aligned a'ong the molecular
axis. Otherwise the direction of the force on the molecular electrons deviates con—-
siderably from the molecular axis. The situation can be made more favorable for
the excitation of electronic motions along the molecular axis by going to large

impact parameter (b >> r,), but then the maximum collision field

Ze
v?

€m (17)

is greatly reduced.
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The electric field of a short-duration ('rp) intense pulse of radiation polarized
along the molecular axis represents a qualitatively different type of interaction.
In this case, the resuiting force field acts primarily to excite electronic motions along
the molecular axis. For a sufficiently short pulse, nominally in the Tp < 1 ps range,
the effect of molecular rotation for thermally excited levels at normal temperatures
is negligible for almost all molecular materials. This can be seen by noting that
molecular rotational frequencies v, are given approximately by v, = 2BJ for rotational
constant B and angufar momentum J. With the exception of the hydrides, if we
take B ~ 1 cm™ as a typical value, VrTp << 1 even for J = 10.

Further comparison is shown in Fig. (17b) for the case involving a parallel
orientation of the ionic trajectory and the molecular axis. The main effect in
this orientation is a force transverse to the molecular axis. Although the field
can have an appreciable component along the molecular axis in the limit b - 0,
this situation has a vanishing probability of collision. In addition, as shown
below, such close encounters with charged particles, particularly ions, differ from
the strong-field coupling in another important way, since they generally impart a
substantial _recoil enerqy to the molecular sxstem.143 In sharp contrast, the strong-
field coupling, although capable of exerting a force with a magnitude representative
of ion collisions, 142 s extremely ineffective in transferring kinetic energy directly
to the target molecule or its constituent atoms.

The differences between the charged—particle collisional processes and the
strong-field radiative interaction can be further understood by determining the
relationship between kinetic energy transferred to the target system and the
strength of the peak electric field occurring in the interaction. To find this

relationship, these two processes can be parameterized by the peak field strength,
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Fig. (17a): Geometry of ion—molecule (N,) collisions showing the changing electric
fields experienced by the target during the collisional event. (a) Ionic
trajectory perpendicular to molecular axis; (b) ionic trajectory parallel

to molecular axis.
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€m: and the effective duration of the interaction, T. For a given field strength,
we set the interaction times equal for the two processes so that the comparison
is made for a fixed transition probability. In the case of the strong-field process,
the studies of ion fragmentation?’ indicated that the interaction time can be
taken as approximately comparable to a period of the electromagnetic wave T =
X/c. while the corresponding field strength is given by e = (471/c)*/? in which 1
is the laser intensity.

For the charged particle collisions, we consider a process of the form

AZ‘+ Z,+ . BZ,+

+ B — A + 2,8 (18)
in which a projectile ion A of charge Z, collides with a neutral system B at rest
producing a recoiling ion Bz2+ with the collateral generation of Z, electrons.
The recoil energy E;, of the target system B, for a projectile with energy E at

143,144

impact parameter b, is given approximately by

Z,°2,%e"Mp,
Ef = —mm88—, (19)
EMgb?
with Ma and Mg representing the masses of the particles A and B, respectively,
and e denoting the electronic charge. The time-scale of the collisional interaction
will be given by

bMpy |
T = ( ) . (20)
2E

The combination of Egs. (17), (19), and (20) gives the desired relationship between

E; and £, namely,

Et = TQEzm . (21)

Interestingly, the energy transfer E, is independent of the nature of the charged

projectile. The final connection between the strong-field interaction and the
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charged—particle collision is obtained by setting the time scale of the collision

equal to \/c which yields

(e*/a,)° AN
E = 2, (—2) (—) (22)
Mgc a,

where f is the maximum field strength in atomic units.
The validity of Eq. (22), for the simple collisional picture used, requires that

Aq

<< 1 (23)
Mava

where Aq is the momentum transfer occurring in the collision and vp is the
velocity of the projectile. Using Egs. (17), (21), and (22), we find that
1
Aq 2,72 \/? /\? e%/a,
=) @) R
MAVA Z, ao’ MAC2

If we take Z,’/Z1 ~ 1 as a characteristic example, Eq. (23) is satisfied for f < 30.

Actually, for field strengths larger than ~ 30 atomic units, the energy transfer
will actually be greater than that given by Eq. (22). Thus, Eq. (22) represents a
jower bound for charged-particle collisions. Furthermore, since the characteristics
of the projectie do not appear in Eq. (22), this relationship is also valid for
electron collisions.

We now examine the magnitude of other physical processes which can impart
energy transfer to atomic or molecular systems. Generally, for the electron
collisions, the emission of Auger electrons will impart a recoil energy exceeding
that arising from the incident electron, the magnitude of which can be readily
estimated from the kinematics of two-body decay. If we assume that an electron
with mass m, is emitted with an Auger energy E,, then

E = E, (E-) . (25)

Mg
In order to estimate an upper bound, we will assume an energy scale for E; on

the order of the K-edge. In this case, for light materials in which the Auger
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yields arising from a K-vacancy are high, a system such as Ne (hwk = 870 eV),
gives Ey = 24 meV, a value almost exactly equal to the mean thermal energy at
300 K.

For heavy materials, such as uranium, since radiative vyields dominate the

decay of K-shell vacancies, the recoil developed is given approximately by

(hwk)®
2Mc?

4]

E . (26)
where hwyg is the emitted photon energy. For U, Eq. (26) gives Ey = 30 meV, a
magnitude close to that arising from Auger decay in light elements. L-shell
Auger decay from U (~ 21 keV) gives E; = 46 meV, so it is also in the same
range. Less energetic excitations arising from electron scattering will, of course,
produce smaller reco}l energies. Overall, for a wide range of scattering conditions
and materials, the recoil energies induced by electron scattering will fall in the
range ~ 3 x 10°° < E; € 5 x 107% eV.

The recoil energy imparted to an ion during multiphoton ionization is naturally
expected to be small, since the incident photons carry very little momentum. For

a given number N of quanta absorbed with energy hw, the recoil is expressed as

(Nhw)?

2Mc? (27)

Et =

the multiquantum counterpart of Eq. (26). From the previous discussion, for a
total energy such that Nhw = hwk, E; is less than 30 meV for all materials.

Two additional mechanisms can communicate recoil energy to the ion produced
by multiphoton ionization. They are (1) the interaction of the field—driven ionized
electron with the ion, a process equivalent to inverse—bremsstrahlung in the field
of the ion, and (2) the subsequent emission of Auger electrons similar to that

discussed above in relation to electron collisions. Since the latter can be associated
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with essentially the same bounds as the electron scattering case, we now consider
the former.

During the inverse-bremsstrahlung process a photon (hw) is absorbed with the
resulting energy appearing in the kinetic energy of the electron—ion pair. Assuming
the ion to be structureless, this is a form of elastic electron scattering for which
the resulting recoil can be approximately estimated from Eq. (19) provided that it
is possible to determine appropriate values for the electron energy E and the
impact parameter b. In terms of the pzrticle energy, we can associate the average
energy of driven motion with the ponderomotive potential. For radiation at 248
nm, an intensity of 10'* W/cm? gives an equivalent ponderomotive potential of 57
ev.

Measurements*? of ion energy distributions for N,*° ions give an upper bound
on E; = 60 meV and, therefore, a lower limit on the effective value of b. For
N,* irradiated at 248 nm for ~ 600 ps at an intensity of ~ 10** W/cm? with Z,
=12, =2 E =57 eV, and My = mg, Eq. (19) gives b 2 0.1 a,. This value of the
impact parameter is expected to be a considerable underestimate, since the experimental
bound on E; was instrumentally limited.4”7 We now scale, for a fixed value of this
impact parameter, to fully ionized uranium (2, = 92) and let 1 = 10 W/em?® (g
= 170), a procedure which gives E; < 1 meV. Even accounting for muitiple electron
emission, most of which occurs for rather low values of Z, it is unlikely that
the recoil will be above the experimental bound established for N,**, namely,
within a factor of two of the thermal energy for T = 300 K. This places an upper
bound on the kinetic energy iransfer associated with the strong-field coupling to
be on the order of those arising in the case of electron scattering.

We observe that any ion will also experience a ponderomgtive potential in
the high intensity wave. For a proton irradiated with 248 nm radiation at an
intensity of 10 W/cm? the ponderomotive potential is ~ 3.1 keV. This energy,

however, is fully returned'45.146 o the radiation field during the course of the
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pulse so that no net displacement of any molecular ions, regardless of charge or
mass, will occur as a result of the ponderomotive potential.

This analysis leads to the following general conclusions. Ion collisions can
present strong forces (e, >> 1) and large recoil energies while electron collisions
generate relatively weak forces (eym, € 1) and correspondingly small recoil effects.
Furthermore, both of these scattering processes are ineffective in exciting organized
electronic motions along specific molecular axes. In comparison, since the short-
pulse strong-field excitation (1) can generate a high force strength (e, >> 1), (2)
communicates a recoil energy which is very smail in relation to molecular bond
strengths, and (3) readily excites electronic motions along specific molecular
directions, it represents a unique domain of interaction.

These respective regions of interaction can be conveniently displayed in the
€m - Ep plane shown in Fig. (18). In this picture, the strong-field multiquantum
coupling (eqy 2 1) clearly represents a distinct regime of interaction that is totally
unachievable with charged particle collisions and permits strong electronic forces

to be applied to a system whose molecular frame can remain intact. It is this

situation, in combination with the dynamical f{eatures illustrated in Fig. (17), that
enables the strong-field coupling to efficiently produce new modes of excitation in
molecular materials. The region corresponding to the experiments on N, as

shown in Fig. (18), clearly falls in this new zone. [t is this feature of the interaction

which can account for the otherwise anomalous appearance o¢f the 29, vacangie
and the 558 nm emission described in Section II1.C.2. Although N, has served as

a specific example, such processes are expected to occur generally for all materials
regardless of structure or composition. Given the nature of this form of excitation,
it is particularty well suited for the direct generation of states involving a very

large charge asymmetry, such as that represented in N, by Eq. (8).
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D. Strong-Field Propagation
A fundamentally new regime of electromagnetic propagation is expected to

arise in plasmas for subpicosecond radiation at a sufficiently high intensity”‘z'

153. Among the important new phenomena that may occur is a mode of channeled
propagation, a key process for the generation of coherent radiation in the x-ray
region.149 When a very intense pulse of radiation enters a cold medium, muitiphoton
ionization locally produces a plasma, and the following qualitative behavior involving
a relativistic/charge—displacement mechanism can develop. The conversion of electrons
from bound to free states by the ionization induces a strong reduction in the
refractive response of the atomic material. The resulting plasma exhibits a further
decrease in index from the free—electron component collaterally produced. If the
ambient electron density n, is such that the plasma frequency wp = /aTn.,e’/m is
below the frequency of the radiation w, an interesting mode of channeled propagation
could develop. Indeed, calculations indicate that the presence of both relativistic
motion and charge—displacement can lead to stable self-focusing, as discussed in
Appendix E.

The influence of the charge—displacement can be seen in the following way.
For a sufficiently short pulse (~ 100 fs), the ions remain spatially fixed while the
relatively mobile electrons are expelled by the ponderomotive potential from the
central high—intensity region of the beam. A state of equilibrium can then be
established between the ponderomotive and the electrostatic force densities owing
to the net charge displacement. Since the electrons, which embody a negative
contribution to the index, are expelled, an on-axis region of relatively high
refractive index is formed which can support channeling of the laser beam.

Preliminary analysis concerning the channeling indicates (1) that the Compton
intensity (~ 4.5 x 10'® W/cm? at A = 248-nm) establishes the scale for the prominence
of this phenomenon and (2) that the frequency scaling strongly favors the use of

the shortest wavelength available at high powermg. A channel radius of several
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Fig. (18): Dispiay of the comparison of the energy transfer versus electric field
strength for charged particle collisions and strong-field Interactions,
including the influence of Auger events and Inverse—bremsstrahiung.
Clearly, strong-field interactions lie in a region totally inaccessibie
by the collisional processes. The region of the N, experiments discussed
in the text is shown. The parameters for the lon boundary stemming
from Eq. 322) corraspond to A = 248 nm and the other data conforming
to the N,** case.
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wavelengths also emerges from this analysis. Moreover, recent dynamical calcula-
tions159 support the conclusion that such modes of propagation can be formed under
stable conditions. A description of the stability that arises from the interplay of
relativistic and charge-displacement mechanisms is given in Appendix E. The ability
to stably propagate high intensity radiation in this manner would be a fundamental

advance in the control and concentration of power in materials, the key question

relevant to the production of amplification in the x-ray range. Furthermore, it
facilitates the spatial control necessary to produce a high brightness output.

Recent experiments have led to the observation of this mode of propagation,
as described in Appendix F. A comprehensive theoretical treatment is given in
Appendix G. The importance of these results on the scaling of x-ray amplifiers is
profound. This influence is described in Appendix H.

IVv. SUMMARY AND CONCLUSIONS

The use of recently developed high brightness subpicosecond light sources
for the study of the interaction of matter with strong electromagnetic fields is
leading to the observation of new phenomena associated with new classes of
excited states of matter and new modes of electromagnetic propagation. One
important consequence of these findings is the generation of powerful x-ray
sources associated with properly controlled plasma environments.

This report has discussed several aspects related to the general question of
the caontrolled deposition of energy at high power levels in materials, the central
issue in the development of bright x-ray sources. The common factor linking the
various topic is the ability to produce extremely high levels of electronic excitation

in a _manner which enables the system to remain kinetically cold for the time

scale of the interaction. For the situations considered, this time interval s
generally less than a picosecond. It is the mastery and control of this class of
physical processes that will inevitably lead to a new generation of extremely

bright sources in the x-ray range.
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Measurement of energy penetration depth of subpicosecond laser energy

into solid density matter

A. Zigler, P. G. Burkhalter, and D. J. Nagel
Naval Research Laboratory, Washingion, DC 20375

M. D. Rosen

Lawrence Livermore Laboratory. Livermore, California 94550

K. Boyer, G. Gibson, T. S. Luk, A. McPherson, and C. K. Rhodes
Unwersity of lilinois ar Chicago. P. O. Box 4348, Chicago. Illinois 60680

(Received 21 January 1991; accepted for publication May 1991)

The energy penetration depth characteristic of the interaction of intense subpicosecond
(~600 fs) ultraviolet (248 nm) laser radiation with solid density material has been
experimentally determined. This was accomplished by using a series of ultraviolet
transmitting targets consisting of a fused silica (SiO;) substrate coated with an 80-600 nm
layer of MgF,. The measurement of He-like and H-like Si and Mg lines, as a function

of MgF; thickness, enabled the determination of the energy penetration depth. It was found
that this depth falls in the range of 250-300 nm for a laser intensity of ~3x 10'¢ W/

cm®. Based on numerical simulations, it is estimated that solid density material to a depth of
~ 250 nm is heated to an electron temperature of ~ 500 eV.

Recently developed subpicosecond high intensity lasers
are enabling the generation of high-energy density plasmas
which can be used both to test our understanding of the
dynamics of highly excited solids and for the development
of ultrafast x-ray sources.'~ The use of subpicosecond laser
pulses to produce such dense plasmas significantly simpli-
fies the analysis of the laser-plasma interaction, since hy-
drodynamic expansion of the plasma during the laser pulse
is relatively small. It is crucial to understand the electron
thermal conduction process under these conditions, since it
governs both the peak temperature achieved during the
laser pulse and the subsequent cooling rate, thus control-
ling the intensity and duration of the x-ray pulse produced.

The theoretical uncertainties involving electron heat
transport arise mainly due to the presence of a steep ther-
mal gradient ( ~eV/ A). The classical treatment of thermal
conduction is a local analysis,* wherein the scale length of
the temperature gradient is assumed to be much larger
than the electron mean free path. For subpicosecond laser
plasmas. this condition does not necessarily hold, so a non-
local treatment,’ in which hot electrons stream into cooler
regions, may become necessary. In the absence of a sophis-
ticated nonlocal description, hydrodynamic simulation
codes, when treating gradients with a scale length as short
as a mean free path, simply preserve causality by limiting
the heat flux to be less than frvT, where n is the electron
density, v the electron thermal velocity, and T the electron
temperature. In this expression f is the “flux limiter,” a
free parameter.® usually with a magnitude of ~0.1.

In this letter we report on the experimental determi-
nation of the heat penetration depth of the laser-plasma
interaction. This is accomplished by monitoring the abso-
lute intensities of the characteristic line radiation emitted
from a series of ultraviolet transmitting targets consisting

*'Also associated with F M. Technologies. Fairfax, VA 22032,
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of a fused silica (SiO,) substrate coated with MgF, layers
of known thickness. Measurements of the relative emis-
sions radiated by highly ionized Si and Mg atoms are then
used to establish the depth of energy penetration. Since a
subpicosecond KrF® laser was used to irradiate the targets
in this study, it is important that both constituents of the
layered targets are sufficiently transparent to low levels of
the ultraviolet (248 nm) radiation that no prepulse plasma
ic formed.’

The laser system® used in the present study (KrF*/248
nm) delivered a subpicosecond pulse ( ~600 fs) having an
energy of 135=15 mJ. An accompanying prepulse (ASE)
had a duration of ~ 20 ns, an energy of 8-30 mJ. and was
focusable to a spot with an area of ~8x 107 cm’. The
effect of the prepulse has been carefully considered. Sub-
strates exposed to the ASE show no evidence, under mi-
croscopic examination, of a tightly focusable ( ~10 um
diameter) component. Only the larger (~8% 10~ cm-)
pattern can be made visible on suitably absorbing maten-
als. Also, theoretical estimates of the maximum focusable
intensity arising from the ASE are found to be well below
damage thresholds for the target materials used. Al the
available experimental evidence’ and analysis indicate that
no prepulse plasma was formed in these experiments.

The subpicosecond radiation was focused onto a flat
rotation target using an f /10 CaF, lens. The peak laser
intensity achievable on target arising from the subpicosec-
ond pulse was estimated to be ~10'” W/cm’. This esu-
mated intensity is based on direct imaging of the ultraviolet
focal zone with a microscope and CCD camera, a measure-
ment which indicated a focal spot diameter of ~10 um In
order to perform this measurement, the seed beam was
focused onto a surrogate target composed of a 250-um-
thick planar pyrex substrate. This target, which completeiy
absorbs the ultraviolet radiation in a scale length iess than
a micrometer, produces fluorescence from the irradiated
region which is subsequently imaged with an optical —:
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croscope having a resolution of ~0.5 um.

X-ray pinhole camera measurements® were used to ex-
amine the focal region at full beam power. For these mea-
surements a pinhole camera used DEF film and a filter
composed of two 1000 A layers at Al on a 2-um-thick
polycarbonate substrate. The camera had a 5 um pinhole
and yielded a magnification of 8.2+0.2 on the recording
film. The x-ray emission was measured by viewing at an
angle of 45° with respect to the target normal. The target
used for this examination of the focal spot was SiO, coated
with 250 nm of MgF, The pinhole camera recorded a
radiating plasma with a diameter in the range of 8-9 um
for radiation in the kilovolt spectral region. Furthermore,
subsequent microscopic examination of the SiO, target sur-
face revealed 6-7-um-diam craters. These findings are in
reasonable correspondence with the measurement of the
focusability of the laser seed beam described above.

In these experiments, the emissions of H-like (1s5-2p)
La and He-like (1s*-1s 3p) HepB lines, from both Si and
Mg, were monitored as a function of both incident laser
intensity and target MgF, layer thickness. Using the imag-
ing technique described above to monitor the focal dimen-
sions, several positions of the focusing lens were selected in
order to vary the incident peak laser intensity. The x-ray
emission from the targets was collected by flat KAP
(2d = 26.6 A) and ADP (2d =10.64 A) crystal spec-
trometers using DEF film. The spectrometers contained
filters composed of two 1000 A layers of Al on a 2-um-
thick polycarbonate substrate for shielding the DEF film
from unwanted radiation. Each spectrum was produced by
25 laser shots and the absolute line intensities were de-
duced from published data on the spectrograph-crystal ef-
ficiency.' th= filter transmission. and the film calibration."!

The experiments discussed below were modeled using
the LASNEX simulation code. This analysis involves the
solution of a system of nonlocal thermodynamic equilib-
rium rate equations., which incorporates a hydrogenic
atomic model for each of the elements (Mg,S1.0.F), along
with flux-limited thermal conduction ( f =0.1) and La-
grangian hydrodynamics.'’ In particular, the process of
thermal conduction was treated in the manner described by
Lee and More."

The measured absolute line intensities of the Si and
Mg La and HeB lines from bare (uncoated) SiO, and
MgF, targets, as a function of incident laser intensity, are
shown in Fig. | along with the corresponding LASNEX
simulations. These measurements were performed in order
to test how well the LASNEX code represented the inter-
action. Assuming that 30% of the incident laser energy is
absorbed by the target. the LASNEX calculation agrees
well with the experimental data up to an irradiance of
~2-3x 10" W/cm?. A deviation between the theoretical
results and the experimental data, however, is indicated at
the highest laser intensity of ~10'” W/cm?. For compar-
ison, an absorption of 10% was assumed for laser intensi-
ties above ~ 1.5x 10'® W/cm®. Support for the use of this
value comes from the recent work at high intensity by
Murnane er al.’ These calculations produce a reasonable
match of the data corresponding to the maximum intensity
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FIG. 1. Absolute line intensities of Si (La  and HeB 3) and Mg ' La
+ and Hef x ) radiauon measured as a function of incident laser :n-
tensity using bare S$10, and MgF, targets. The curves represent LASNEX
calculauons assuming an energy absorption of 30% [— (sohd) Si La.
-@- (closed dash-dot) SiHeB, - - - (open dash-dot) Mg la. - --
(dash) Mg Hef)] and, beginning at an intensity of 1.5x 10'" W.cm-. an
energy absorption of 10%. shown by the corresponding extensions with
dotted lines.

(~10"7 W/cm?) used in these studies. Therefore. for the
range of intensity examined, an absorption of laser energy
in the 10-30% range is indicated. A vanation of this mag-
nitude could arise from an absorption dynamically depen-
dent on the incident laser intensity. Further studies over a
larger range of intensity will be needed to more fully un-
derstand the nature of this dependence. Nevertheless, the
LASNEX simulation is found to give a reasonable repre-
sentation of the experimental results for the conditions of
this work.

The energy penetration depth was determined by mon-
itoring the change of the absolute intensity of the La line
emitted by H-like Si as a function of MgF, coating thick-
ness. Figure 2 presents the absolute line intensities of both
Si and Mg La and Hef lines as a function of MgF . coating
thickness. The measurements were carried out for a peak
incident laser intensity of ~ 3% 10'®* W/cm?, an intensity
for which the LASNEX simulation seems adequate. As
seen, the Si La line intensity decreases rather sharply. by a
factor of approximately e from the bare target interaction,
for a coating thickness in the range of 250-300 nm. indi-
cating that the energy penetrates to a depth of this scale
Qualitatively similar behavior is exhibited by the Si He3
transition. Moreover, both the Mg La and Hef lines show
the expected corresponding increase in the same range of
thickness.

The results stemming from the LASNEX simulations
for these four lines are also shown in Fig. 2. For the Si La
and Hep transitions, it is seen that the slope representing
the rate of decrease of the line intensities is roughly within
a factor of 2 of the experimentally observed behavior in the
region where most of the energy is deposited (MgF. thick-
ness < 200 nm). A larger deviation occurs in the region in
which the signal is relatively small (thickness > 200 nm»
This difference at the larger depths indicates that <eme
corrections in the energy transport including the possibility
of nonlocal heat conduction, are indicated, but that thewe
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FIG. 2. Absolute line intensities of Si and Mg La and Hef radiation as a
function of MgF, thickness on SiO, substrates. The measured data are
represented as (D) SiLa; (A) SiHef ( +) Mgla; (x) MgHeS.
Solid curves are drawn through the data to guide the eye. The data points
indicated at 1000 nm of MgF. are for bare MgF, targets. The correspond-
ing LASNEX calculations assuming 30% absorption and an incident
laser intensity of ~3 < 10'® W/em-, are also shown with designations
given by - - (dash-dot) Sila, -~ - (dash) SiHeB .. {(small dot)
Mg La, - (large dot) Mg Heg.

effects are relatively small and do not involve a substantial
fraction of the energy. For the Mg La and HeB lines, the
LASNEX simulations are seen to agree quite well with the
measured data over the full range of conditions studied.

While the data presented in Fig. 2 indicate that the
heat wave penetrates to a depth of ~ 250 nm, these data do
not directly reveal the electron temperature to which the
material is heated. In order to estimate the peak tempera-
ture achieved during the excitation, the electron tempera-
ture was calculated as a function of the incident laser in-
tensity by the LASNEX code. The results of these
calculations are shown in Fig. 3. For the laser intensity
used in the determination of the energy penetration depth
~ 3% 10'® W/cm’, the results of this analysis indicate that
the electron temperature reaches a value of ~500 eV to a
depth of ~ 250 nm inside the solid target material.

Spectral studies of layered SiO,/MgF, targets reveal
that an energy penetration depth of 250-300 nm is pro-
duced with subpicosecond excitation at 248 nm with an
intensity of ~3x 10'®* W/cm?. This value is considerably
in excess of the skin depth associated with the plasma being
produced. LASNEX modeling of the interaction was found
to be 1n good agreement over the range of conditions stud-
ted. An estimate of the electron temperature of the heated
matenal, as indicated by the LASNEX simulation, gives a
value of ~ 500 eV at a depth of ~250 nm inside the solid
material.

536 Appl. Phys. Lett., Yoi. 59. No_ 5. 29 July 1991

76

o
-

[?]

Election Tempeialure (eV)

10

‘0“
Laser Intensity (W/cm?)

10'® 107

FIG. 3. LASNEX calculations of electron temperature as a function of
peak laser irradiance. Caiculations are for a peak electron density of
6.« 107" cm " ' at the time of peak laser irradiance. with the assumption of
30% absorption for all irradiances.

The authors gratefully acknowledge technical contri-
butions from K. Hudson, and D. Newman of Sachs-Free-
man Associates, Inc., and P. Noel and J. Wright of the
University of Illinois at Chicago. Support for this research
was provided by the U.S. Air Force Office of Scientific
Research, the U.S. Office of Naval Research, and the Stra-
tegic Defense Initiative Organization. Part of this work
(MDR) was performed under the auspices of the US.
Department of Energy by the Lawrence Livermore Na-
tional Laboratory under contract No. W-7405-ENG-43.

'M. M. Murnane, H. C. Kapteyn. and R. W. Falcone. Phys. Rev Let
62. 155 (1989).

*H. M. Milchberg, R. R. Freeman, S. C. Davey. and R. M. More. Phi«
Rev. Lett. 61. 2364 (1989).

'M. M. Murnane, H. C. Kapteyn. M. D. Rosen, and R. W Falcone
Science 281, 531 (1991).

*J. H. Rogers, J. S. DeGroot. E. Abou-Assaleh, J. P. Matte. T W
Johnson, and M. D. Rosen. Phys. Fluids B 1. 741 (1939).

‘M. K. Prasad, R. A. Sacks. M. D Rosen, and B. F. Lasinsk:. Buil A~
Phys. Soc. 33. 1994 (1988).

°M. D. Rosen. Comm. Plasma Phys. Controlled Fusion 8, 165 : 13=1

"A. Zigler. P. G. Burkhalter, D. J. Nagel. M. D. Rosen, K. Boyer. T ~
Luk. A. McPherson, and C. K. Rhodes, Opt. Lett. 16, { August " ~
published, 199t).

“T. S. Luk, A. McPherson. G. N Gibson, K. Boyer. and C. L R% wes
Opt. Lett. 14, 1113 (1989).

*A. Zigler, P. E. Burkhalter, D. J. Nagel. B. Boyer, T S Lux
McPherson, J. C. Solem, and C. K. Rhodes. Appl. Phys. Lett 59
August (to be published, 1991).

“'D. B. Brown and M. Fatemi, J. Appl. Phys. 51, 2540 (1980 | &
Cnss, Appl. Spectrosc. 33. 19 (1979); J. V. Gilfrich, D. B. Brow~ .
P. G. Burkhaiter, Appl. Spectrosc. 29. 322 (197%).

'""P. D. Rockett, C. R. Bird, C. J. Hailey. D. Sullivan, D. B Brou-

P. G. Burkhaiter, Appl. Opt. 24. 2536 (1983).

'"G. B. Zimmerman and W. L. Kruer. Comm. Plasma Phys 11
(1975).

"'Y. Lee and R. M. More, Phys. Fluids 27, 1273 (1984).

Zigier et a




Appendix B:

“High Intensity Generation of 9-13 A X-Rays from

77

BaF, Targets"




High intensity generation of 9-13 A x rays from BaF, targets

A. Zigler, P. G. Burkhalter, and D. J. Nagel
Naval Research Laboratory. Washington, DC 20375

K. Boyer, T. S. Luk, A. McPherson, J. C. Solem, and C. K. Rhodes
University of Illinois at Chicago, P. O. Box 4348. Chicago, lllinois 60680

(Received 2 January 1991; accepted for publication 7 June 1991)

Studies of the interaction of condensed matter with short pulse ( ~ 600 fs) high intensity
(~ 10" W/cm?) ultraviolet (248 nm) radiation show that intense spatially compact
sources for x-ray emission in the kilovolt range (0.5~1.0x 10'* W/cm?) can be generated
from solid targets at close to the maximum volume specific rate allowed.

Solid matenials offer the possibility of combining a high
particle density with a very high level of electronic excita-
tion, provided that the deposition of energy in the solid can
be made to occur sufficiently rapidly. Ultraviolet high-
brightness subpicosecond light sources'~” enable such rapid
deposition of energy to be achieved.

The laser system® used in the present study (KrF*/248
nm) delivered a subpicosecond pulse ( ~ 600 fs) having an
energy of 135+ 15 mJ. An accompanying prepulse had a
duration of ~ 20 ns, an energy of 8-30 mJ, and was focus-
able to a spot with an area of ~8x 10~ cm?. The subpi-
cosecond radiation was focused onto a flat rotating BaF,
target using an /10 CaF, lens. The peak laser intensity
achievable on target arising from the subpicosecond puise
was estimated 1o be ~10'” W/cm?. This estimated inten-
sity is based on direct imaging of the ultraviolet focal zone
with a microscope and a charge coupled device (CCD)
camera, a measurement which indicated a focal spot diam-
eter of 67 um.

Independent x-ray pinhole camera measurements were
also used to examine the focal region. For these measure-
ments a pinhole camera using Kodak DEF film and a filter
of 2000-A-thick Al on a 2-um-thick polycarbonate sub-
strate was used. The camera had 2 5 um pinhole and
yielded a rm ~gnification of 8.2 +0.2 on the recording film.
Viewing at an angle of 45° with re=spect to the target nor-
mal, the x-ray emission from two types of solid targets was
measured. The targets were SiO, coated with 250 nm of
MgF, and bare BaF,. The former indicated a radiating
plasma with a diameter in the range of 8-9 um for radia-
tion in the kilovolt spectral region. Microscopic examina-
tion of the SiO, target surface revealed 6-7 um diameter
craters. a finding in reasonable correspondence with the
measurement of the focusability of the laser beam de-
scribed above. The measurements with the BaF, targets
indicated a radiating plasma with a diameter of ~20=4
um and corresponding craters with diameters in the 8-10
zm range were observed in the target substrate.

For spectral studies of BaF, , the x-ray em: - on from
the targets was collected by a flat KAP (2d =126.6 A)
crystal spectrometer which produced a recording on DEF
film. The absolute line intensities were deduced from ex-
tant data on the crystal efficiency.} the filter transmission,

" Also of FM Technologies. Fairfax, VA 22032

777 Appl. Phys Lett 59 (7)., 12 August 1991

0003-6951,91/320777-02802.00
78

and the DEF film calibration.’ To insure the reproducibil-
ity of the data, the spectra were collected several times over
a period of six months. The film was developed according
to established procedures for the calibration of the film and
the optical density was digitized at the facility at the Naval
Research Laboratory. Each specirum was produced by an
exposure accumulated over 25 laser shots.

An experimental concern in studies of the interaction
of intense radiation with solid matter is the effect of any
low intensity prepulse on the true state of the target mate-
nial. If a sufficient intensity is present in the prepulse, a
plasma can be formed which will shield the solid target
from the high intensity subpicosecond energy. Experimen-
tal studies, however, have demonstrated that the effect of
the prepulse can be eliminated at 248 nm by using a target
composed of ultraviolet transmitting materiais.'® For ex-
ample, MgF, and BaF, exhibit essentially no absorption '
up to a relatively high intensity (=10'' W/cm?). There-
fore, if the prepulse intensity is appreciably less than 10"
W/cm?, negligible absorption is present and no interfering
plasma is generated. In this case, the threshold intensity for
nonlinear absorption is sufficiently high to prevent any sig-
nificant influence by the prepulse in these studies, since the
maximum prepulse intensity occurring was only ~ 2.5
x 10" W/cm?.

The spectrum observed from BaF, targets exhibited
very strong emission in the 9-13 A range, as shown in Fig.
1. The radiation in the broad band centered at ~12 A
arises from M-shell transitions of barium ions and the ob-
served structure can be put in reasonable correspondence
with the previously measured'? 3d” — 3d" ~ ' 4f sequence in
that material. “"’ith consideration of the response of the
DEF film, the crystal response, and the filter calibrations.
these measurements indicated that ~2-4 mJ of x rays were
produced in this spectral region on each shot, the greater
production corresponding to the higher range of the inci-
dent laser energy. The isotropy of the emission was estab-
lished experimentally by recording the spectra at two
widely different angles (45° and 80°) with respect to the
target normal. In both cases, the properties of the recorded
spectra were similar. Although the duration of the emis-
sion was not directly measured, an ‘pper bound of 1-2 ps
is consistent with (1) the size of the radiating region mea-
sured with the pinhole camera for a velocity of expansion
of a few Angstroms per femtosecond, (2) with LASNEX
calculations for our experimental conditions,’’ (3) with

-
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FIG. 1. Spectrum of x-ray emission observed from BaF, at a laser inten-
sity of ~10'" W/em?

the time resolved studies of laser-produced plasmas re-
ported by Murname er al.,'* and (4) recent measurements
of Cobble et al. with solid aluminum targets.'>'® The latter
explicitly indicates rapid cooling that would cause the
emission of kilovolt radiation to be of short duration. It
follows, assuming isotropic emission from the radiating
zone determined by the pinhole camera, that for BaF,, an
x-ray intensity in the range of §x 10" </,<10"* W/cm’
was produced on each laser shot.

An upper bound on the x-ray intensity achievable from
this type of source can be estimated by considering a slab of
unit area with density p and thickness 8 which, upon ex-
citation with intense subpicosecond radiation, produces ra-
diation in the kilovolt spectral range. Since the time of
excitation is short, in first approximation we will ignore the
hydrodynamical expansion, a process which will occur
roughly at a rate of =~1-10 A/fs. An upper limit on the
x-ray intensity /_, can then be written as

[, =fi p8/27, (1)

in which fiw, represents a kilovolt quantum and r, is the
effective radiative rate of the excited material. For the
present discussion, we will take p as BaF, solid density
(~1.7x 10" cm ~*) and use for T, a typical radiative rate
for kilovolt transitions in atoms or ions. The latter param-
eter will be taken in the range' of 2% 10~ "*<r <10~ Vs,

It remains to estimate the thickness of the radiating
zone denoted by 8. Using a senies of MgF,/SiO, targets
coated with a range of thicknesses of MgF,. the measured'®
depth of energy penetration, for plasmas generated at an
incident laser intensity of ~3x 10'® W/cm?, was found to
be 1n the range of 250-300 nm. The depth § was deduced
from the observed relative strengths of the Mg and Si
H-like and He-like transitions as a function of the thick-
ness of the MgF. layer. Taking this energy penetration
depth for 8. the approximate upper bound represented by
Eq. (1) can be evaluated. From the given ranges on r and
5. and assuming that the radiating matenal is thin to the x
rays, we find 3% 10" < 7 < 2% 10" W/em® The avail-
atle information on opacities'* indicates that the assump-
tion of a thin plasma 1s consistent with the range of & given.

Companson of this upper limit on /., with the exper-
imental value /_ indicates that the observed intensity falls
within the estimated range for maximum possible emission.
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Although such a source is incoherent. a radiation rate of
this magnitude, coupled with the relatively narrow spec-
trum over which it occurs, constitutes a source of ex-
tremely high spectral brightness that can produce unusu-
ally high excitation rates in absorbing material to which it
can be coupled. We note that since the simple model used
to estimate the upper radiative bound is far from an equi-
librium picture and since the experimental resuit 1s quite
close to that limit, the implication is that the plasma state
may deviate significantly from equilibrium for this type of
intense and rapid excitation.

In conclusion it is found that the use of high brightness
ultraviolet subpicosecond light source for the study of the
interaction of condensed matter with strong electromag-
netic fields is leading to the development of (1) the ability
to couple a strong laser field directly to solid target mate-
rial, without the production of a prepulse plasma, and (2)
the generation of powerful x-ray sources associated with
spatially compact high density piasmas.
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Plasma produced from ultraviolet-transmitting solid targets undergoing intense (>10'* W/cm?) subpicosecond
(—600 fs) ultraviolet (248 nm) irradiation have been studied under conditions for which no interfering prepulse
plasma is generated. Time and spatially integrated measurements of the x-ray emission for H-like and He-like
Mg and Si were found to be consistent with LASNEX calculations that model the laser-target interaction.

Subpicosecond high-peak-brightness lasers capable
of delivering focal intensities of greater than
10'¢ W/em® permit the generation of high-temperature
plasmas from solid targets. These plasmas can pro-
duce short pulses of x rays, of the order of a picosec-
ond or less, owing to the rapid cooling of the plasma
on the solid target surface.

Numerous experiments involving plasma produc-
tion with picosecond and subpicosecond lasers at
different wavelengths and intensities have been re-
ported.'® An important experimental concern in
subpicosecond studies involving the coupling of laser
energy to solid targets is the potential influence on
the target of any relatively low-intensity, but long-
time-scale prepulse that may be present, since such
prepulses are generally associated with amplified
spontaneous emission (ASE) in high-power laser sys-
tems. Moreover, since the ablation threshold for
most solid materials is less than ~10° W/cm?, even a
relatively low level of ASE originating from the laser
amplifier may be sufficient to ablate and ionize the
target material, creating a long-scale-length plasma
and thus altering the dynamics of interaction of the
intense subpicosecond pulse with the solid target.
Consequently, the relatively low-density plasma that
may be generated by the prepulse can severely alter
the interaction of the subpicosecond energy with the
solid matter.

In this Letter we report experimental findings
showing that the effect of the prepulse can be elimi-
nated when a KrF* laser system is used at 248 nm
to irradiate optically polished ultraviolet-transmit-
ting targets such as CaF,, MgF,, BaF, and SiO,. In

0146-9592/91/161261-0385.00/0
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addition, we report on the results of spectrally re-
solved x-ray emission from CaF,, MgF,, and SiO,
targets irradiated at the peak intensity of =3 x
10" W/cm?. Based on the properties of the observed
line emissions, the characteristics of the plasmas
generated in these studies were compared with
LASNEX ' simulations.

The KrF* laser system used for these experiments
has been described elsewhere.® It operated with a
pulse duration of =600 fs, had a subpicosecond pulse
energy of ~90 mdJ accompanied with =20 mJ of ASE
that had a duration of ~20 ns, and was focused onto
a rotating planar target with an f/10 CaF; lens.
The accompanying prepulse (ASE) was focusable to
a spot with an area of ~8 x 10~ cm? owing to the
relatively large divergence.

The effect of the prepulse has been carefully con-
sidered. Substrates exposed to the ASE show ro
evidence, under microscopic examination. of a
tightly focusable (~10-um-diameter) component
Only the larger (—8 x 10°? cm?) pattern can be
made visible on suitably absorbing materials. Theze
tests were performed with the beam blocked at the
input to the amplifier chain. Also, theoretical est:-
mates of the maximum focusable intensity that
arises from the ASE are found to be well below dam-
age thresholds®® for the target materials used
Since the mechanisms of absorption in these mater:-
als at 248 nm are a multiphoton process, the min:-
mum intensity required to induce significarn:
absorption* is in the range of 10'°-10" W/em* ..
the available experimental evidence and analysis .»:
dicate that no prepulse plasma was formed in th.-.

© 1991 Optical Society of America
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Fig. 1. X-ray spectrum from a SiO, target showing tran-

sitions from highly ionized Si ions. The main features
originating from He-like Si xi11 and H-like Si x1v ions are
identified. Sats. indicates the position of satellite lines
identified with Si xit ions. The horizontal bars indicated
on the spectrum corresponding to the He-a, L-a, He-8.
He-y, and He-é transitions designate the LASNEX calcu-
lated intensities of these lines. These calculated results
are shown normalized to the He-a feature.

experiments. Therefore these materials and the
plasmas produced therefrom should not be affected
by the laser prepulse present in these studies.

The expected absence of a prepulse plasma was
experimentally verified. This was achieved by us-
ing only the ASE to irradiate comparatively a MgF,
target and a multilayer target (100-nm Ni on a
5-mm-thick MgF, substrate). When the ASE was
focused onto the bare MgF, target, no visible break-
down was observed, and no surface damage was evi-
dent. When the multilayer Ni target, with the Ni
side facing the laser, was irradiated with the ASE,
breakdown was observed as well as surface damage
on the Ni. After reversal of the target so that the
uncoated MgF, surface faced the laser, a plasma was
again observed on the Ni side of the target, with no
observable plasma formed on or damage to the front
MgF; surface. In this latter configuration the en-
ergy was freely transmitted to the rear surface.
Therefore it is concluded that the use of properly se-
lected ultraviolet-transmitting materials was effec-
tive in eliminating the unwanted influence of the
nanosecond prepulse present in this research.

The x-ray emission from all targets was collected
by flat potassium hydrogen phthalate (2d =
2.66 nm) and pentaerythritol (2d = 0.87 nm) crystal
spectrometers and recorded on DEF film. The
spectrometers contained filters composed of two
100-nm layers of Al on a 2-um-thick polycarbonate
substrate for shielding the DEF film from unwanted
radiation. Approximately 25 shots were accumu-
lated for each spectrum. Portions of the spectra ob-
tained from a SiO, target are shown in Fig. 1. Also
shown in Fig. 1 are the calculated line intensities for
the He-a, L-a, He-B8, He-y, and He-d transitions
from ionized Si. The ratio of line strengths, nor-
malized to the He-a feature, are seen to agree
within approximately 20%. For MgF, and SiO,
targets, both He-like and H-like emissions were
identified from Mg and Si ions. For the CaF,
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target, only the 1s’~1s2p line emitted by He-like
Ca ions was found. The absolute line intensities
were deduced from known data for the film calibra-
tion," the filter, and the response of the crystal
spectrometer.'?

The LASNEX code was used to simulate the
experiment at 3 x 10" W/cm?, assuming a 30% ab-
sorption by the target material, a value that is com-
parable with the absorption measured in Ref. 4.
The treatment incorporates flux-limited thermal
conduction (with the thermal flux limited to its
free-streaming value times a coefficient £, taken to
be 0.1), hydrodynamic expansion, and a nonlocal
thermodynamic equilibrium solution’ to the atomic
rate equations in the context of a hydrogenic atomic
model. The choice of f = 0.1 is based on previous
findings of its suitability for Fokker-Planck heat
transport simulations.”® Furthermore, the results
are not sensitive to the magnitude of the flux lim-
iter (f); the use of f = 0.2 in the calculations
changes the outcome by less than 20%. Figure 2
exhibits the calculated development of both the elec-
tron temperature T, and the electron density n, for a
Mg plasma produced by a KrF* laser intensity of
3 x 10'S W/cm? at the time of peak laser irradiation
(Fig. 2(a)] and 1 ps after the peak laser intensity
[Fig. 2(b)]. As shown, a high-density hot plasma is
formed initially at the surface. After rapid expan-
sion, a hot subcritical corona is produced. Thermal
conduction inward creates a fairly hot, solid-density
region of nearly fully ionized Mg and F Based on
the simulated density and temperature profile. the
absolute line intensities were calculated for 1s°-1s3p.
1s*~-1s2p He-like, and 1s-2p H-like transitions of
Mg and Si ions. These calculations were compared
with the experimental values obtained from the
DEF film and found to be in agreement to better
than a factor of 2. Furthermore, for MgF, targets
subjected to an intensity of =3 x 10'¢ W/cm®, the
simulation indicates that a plasma with an electron
temperature of the order of 500 eV at a solid density
is produced.

In conclusion, when a subpicosecond KrF* laser
system is used to irradiate a high-damage-threshold
ultraviolet-transmitting target, the formation of a
prepuise plasma is prevented. This allows the high-
intensity laser energy to create solid-density hot ma-
terial. It should be noted that this technique
substantially relaxes the requirement for the con-
trast ratio of the ASE and pulse intensities for high-
power short-pulse laser systems.
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Fig. 2. LAsSNEX simulation indicating the electron temp~-
ature and density established (a) at the time of peak int-~
sity of irradiation and (b) 1 ps after the peak vaiur
irradiation.
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STUDIES OF THE INTERACTION OF MOLECULES AND SOLIDS
WITH INTENSE SUBPICOSECOND 248 nm RADIATION"

T. S. Luk, A. McPherson, B. E. Bouma, K. Boyer, and C. K. Rhodes
Laboratory for Atomic, Molecular, and Radiation Physics

Department of Physics, University of Illinois at Chicago
P. O. Box 4348, Chicago, lllinois 60680

ABSTRACT

Studies of the interaction of matter with high intensity ragiation (= 10°°
W/cm? are leading to the observation of coulomb expiosions from highly excited
molecules and intense x-ray emission from solid targets.

1. INTRODUCTION

Advances in femtosecond lasers are extending the exploration of multiphoton
interactions well into the strong-field regime. the physical situation in which the
external field is greater tnan an aromic unit (e/a)). The performance projected for
ultraviolet rare gas halogen technology is currently being reafizead!’='0 and new
near—infrared solid state systems, such as Ti:Al,0,, are under wvigorous development.
8oth technologies11 should reach a field strength of ~ 100 e;al with instruments
that produce an output energy of ~ 1J.

There is a growing body of evidence that fundamentally new forms of hignly
excited matter can be produced with strong—field interactions.  Specifically, there
15 considerable interest in (1) mechanisms leading to high levels cof electronic
excitation, particularly those involving ionization and the excration of inner—sheli
states, and (2) the properties of matter which govern the generation of intense short
wavelengtr ragdiation.'

II.  EXPERIMENTAL CONSIDERATIONS
The KrF" (248 nm} source used for the studies discussed herein has been

described elsawhere.8.10  This instrument currently has an output pulse width of =

D G S A A S - - — - -

* Samidg published in the Proceedings of the International Conference on
Multiphoton Processes (ICOMP V, Saclay, 1vy91).

85




600 fs. a typical pulse energy in the 300-400 mJ range, and focusabllity nominally
within a factor of two of the diffraction limit.8  For example, with a simple /10
CaF, lans, peak intensities of ~ 3 x 10*° W/cm? are produced even though such a
lens exhibits appreciable spherical aberration. The applicatlon of more sophisticated
focusing systems can c'early generate substantially greater tield strengths.evg

A recent maodification has incorporated a Ti:AlLO, amplitier into the system
tor amplification of the radiation at 745 nm. This change has resulted in approximate-
ly a 40-fold increase n the 248 nm output energy from the mixing crystal to a
value of ~ 40 pd. This enables the generation of a significantly more intense seed
beam to drive the power amplifier and a reduction of the intensity of the amplitied
spontaneous emission.

A more detailed characterization of the pulse shape12 for this system s
becoming available with the use of a technique Iinvolving a third order intensity
correlation '3, One of the properties is a clearly observed asymmetry in the
profile of the pulses, in our case. a waveform rising more rapidly than it falls. The
current seed beam generates pulses with a width as short as ~ 260 fs.

The ability to concentrate the pulse energy in a small focal zone is another
crucial property necessary for the generation of high field strengths. With an t/7
focusing system. focal zones with a diameter of ~ 6.6 um have been measured, a
dimension which corresponds to a value of ~ 1.5-fold the diffraction limit.

III. STUDIES OF MOLECULAR ION PRODUCTION

studies of collision—free ionization have been a valuable source of intormation

on multiphoton processes.'4=17

Although most studles have been conducted with
atoms, recent work has begun to examine molecules, including certain polyatomic
systems. Indeed, studies of molecular lonization have produced valuavle new Insights
into the ‘ynamics of multiphoton processes.w—26 Energetic coulomb explosions
have been studied in which (1) the fragments have kinetic energles of several
tens of eV per particle. (2) evidence for molecular inner-shell excitation has been
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observed, 26 and (3) molecular atomic site~dependent energy deposition has been

detected.27

A. N,

It is possible to measure the kinetic energy distributions of the products

arising from a molecular coulomb explosion with an appropriately arranged time-

of-flight apparatus. 22 NG* ionic fragments produced with a peak intensity of -

3 x 10 '* W/cm? are observed with charges in the range 1 € q < 5. The fragment
distributions generally fall off at sufficiently high ion energy and commonly exhibit
observable structure. [f we take the energy at which the distribution falls to one
half its maximum value as an approximate measure of the characteristic kinetic
energy of a fragment, we can summarize the findings on N, as shown In Fig. (1).
The coulomb energy associated with the production of N fragments at -~

38 eV implies. given the equilibrium Internuclear<8 separation of N, as r, = 1.1 ﬂ,

the generation of a nascent ionized molecule of the form N,9° with q 2 5. This

lo]
- A=248 rm
% | = 3x10" W/cm? N
2 ol
&
5 /
C .al
w =9 tﬁ
E 20t Lj ,
3 V]
C /]
w V] E
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<

L4 44
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Charge State g
Fig. (1): Summary of fragment energies observed In N,
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indicates that during the course of the interaction the ionization must proceed quite
rapidly to at least this stage. This finding is in general concurrence with conclusions
on the rate of energy transfer stemming from earlier studies.22 The minimum energy
required to produce N,*°. assuming an initial internuclear separation of ~ r, is ~
224 eV.
B. Comparison of CO and CO,

The comparison of the carbon and oxygen fragments observed from CO and
CO, are providing further information on strong-field coupiing to molecules. In
considering the data shown below for C*° fragments in Fig. (2), it should be
understood that the shapes of the time-of-flight ion signals are determined by
both the instrumental resconse and the kinetic energies of the fragments. The
indlvidual lon signals are actually composed of two components which become
resolved at sufficiently high particle energy. One component arises from ions

imtiailly formed with velocities parallel to the time—of-flight direction while the

C** from CO, C** from CO
~ 10y 1.300 -+ 13y 1X1L)
o N 4 /
&l A (o)
~~
~~ "
V2l - -
< : S i
2 (T T 3 %
2 » » » . - - ° ® -
5 D 1 i 3 o2 2 s\
~31 : 2 3 : -z = 3z 2 13
531 = 3 3 & 3 g (* 4 1 3 A4
COL T S T L B < . -
= J 2 3
Z 3 \
J {
Sl N WY | o 3 Q.A N Aﬁ
8/ I'\.j“'\f I\u J'J U R A{‘ ] 4 N
3.209 3.459 3.209 3.4%9
flight time (ysecs) flight time (ysecs)

Flg. (2): lon time-of-flight spectra for C**: (a) lons produced from CO, appear
at low enerqgy. (b) lons produced from CO show two well resolved peaks
with a maximum kinetic energy ~ 40 eV.
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other arises from lons whose initial velocity is anti-parallel to that vector. The
greater the separation of these two peaks, the greater is the energy assoclated
with the Kkinetlc energy of the fragments. The two peaks are of comparable

height and width for appropriate settings of the extraction and acceleration

voltages used in the time-of-flight apparatus.zo'22

The time-of-flight data for C*° observed from CO, are shown in Fig. (2a).
In this case, only one peak Is seen, a clear sign that the particles are slow.
This conforms to the expectation that the carbon atom in the center of the molecule
would develop, in the process of fragmentation, a relatively small kinetic energy as
a result of the opposing forces from the oxygen atoms on either side.‘?‘r"29

The corresponding data for C** fragments produced from CO are illustrated
in Fig. (2b). These data clearly exhibit two well resolved peaks indicating that a
substantial klnetic energy is present. The maximum kinetic energy observed in this
case Is approximately 40 eV. Basically, In the comparison of CO, and CO, the
carbon lons are produced with a low kinetic energy from the former and a high
kinetic energy from the latter.

The characteristics of the oxygen ions produced represent a rather different
pattern. The situation can be illustrated by consideration of the observed kinetic
energy spectra for Q" which are shown In Fig. (3). In this case both molecules
produce energetic ions, but those arising from CO, are significantly more energetic.
Comparison of Fig. (2b) and Fig. (3b) indicates that the maximum energies of the
C** and O ions are roughly comparable when produced from CO. This Is not
surprising, since the molecule is nearly symmetric and the two charge states
differ modestty.

Comparison of these results for the C*° and O lons with extant data on
ion-molecule collisions is informative. The collisional process that was studied?®

involved
APl & X ——— AT 4 fragments (C", OF, e), - (M
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Energy Spectrum of O from CO, Energy Spectrum of O from CO
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Fig. (3): Kinetic energy spectra for Q" (a) lons produced from CQ, show a

maximum energy ~ 70 eV: (b) lons produced from CO exhibit a maximum
energy of ~ 30 eV.

with X denoting CO and CO,. The collision energy corresponded to ~ 1 MeV/au
so that the time of interaction is sufficiently small that negligible nuclear motion
will occur in the molecutar frame. The resulting coulomb explosion commences
from an intact ionized molecule in a spatial configuration determined by the neutral
target molecule.

The collisional data?® of Matsuo et al. for carbon and oxygen lons produced
trom CO and CO, are shown in Fig. (4). Also indicated for comparison with their
data are the maximum kinetic energies of the C** and O lons observed In the
multiphoton studies. In all cases. the multiphoton results correspond rather
closely to the values produced by the lon—-molecule interaction. This similarity in
outcome ieads to the conclusion that the nature of the moiecular ion which
undergoes the coulomb explosion is essentially the same in both cases. Specifically,
we conciude that the strong-field interaction has many features in common with

ion-atom and ion—-molecule collisions. The nature of this analogy has been expiored

previously in other work.ao"“’1
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IV. X-RAY GENERATION FROM SOLID TARGETS

Solid materiais offer the possibility of combining a high particle density with
a very high level of electronic excitation. if the deposition of energy in the solid
can be made to occur sufficiently rapidly. High brightness subpicosecond light
sourcesz"10 now enable such rapid excitation to be achieved.

Consider a slab of unit area with density p and thickness § which, upon
excitation with intense subpicosecond radiation, produces radiation in the kilovolt
spectral range. In order to set the scale, we want to obtain a simple upper
bound on the x-ray intensity. Since the time of excitation is short. as a first
approximation, we will ignore the hydrodynamical expansion, a process which will
occur roughly at a rate of ~ 1-10 R/ts.  An upper limit on the x-ray intensity
lym can then be simply written as

AN

-~

Ixm
2Ty

in which hw, represents a kilovolt guantum and 1, is the effective radiative rate
of the excited material. For the present discussion, we will set p as solid density
(~ 5 x 10 cm™) and take as the lower limit for T, a typical radiative rate for
kilovoit transitions. For the latter will use the range32 2 x 107" € e € 10717 s
as a rough measure. [f we take for § the recently measured valued3 of the depth
of energy penetration of ~ 250 nm for MgF,/SiO, targets irradiated with 248 nm
at an intensity of ~ 3 x 10'* W/cm?, Eqg. (2) can be evaluated. With these parameters
we find 10" < Iy € 5.x 10'® W/em®  This simple upper limit on Iy, can now
be compared to the experimental result.“
An experimentai concern in studies of the interaction of intense radiation
with solid matter is the influence of any low Iintensity prepulse on the true state
of the irradiated system [t has been experimentally found33 that the interference

of the prepulse can be entirely eliminated at 248 nm by the use of a target

composed of ultraviolet transmitting materiais. For example, MgF, and BaF.
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exhibit essentially no absorption up to relativeiy high intensities and studies have
demonstrated that these values are sufficiently high to prevent any significant
influence oy the prepulse. This enables the intense subpicosecond energy to
coupie directly to virgin solid matter.33'34

The Krf' system used in (his experiment delivered a subpicosecond pulse
energy of ~ 150 mJ. The prepulse had a duration of ~ 20 ns, an energy of ~ 10
mJ, and is known to be very poorly focusable.8 The radiafion was focused onto a
flat rotating BaF, target with a f/10 CaF, lens. The peak laser intensity achievable
on target was estimated to be ~ 3 x 10'* W/cm? based on previous thrashold
ionization intensity measurements at iow density35 as well as recent direct imaging
of the focal zone. The x-ray emission from the target was collected by flat KAP
(2d=26.68) and PET (2d=8.78) crystal spectrometers and recorded on DEF film.
For nigher resolution, a convex KAP crystal spectrometer was used. Approximately
10 shots were accumulated for each spectrum,

The spectrum observed from BaF, exhibited strong emission in the 9~13 A
range. [n addition to the spectrum, calibration of the film revealed that ~ 6 mJ
of x-rays were produced on each shot. Subsequent pinhole camera measurements
of the x-ray emission from solid targets (MgF,/SiO,) indicated a radiating spot
size with a diameter in the range of 8-9 um. This value is quite close to the
independently measured focal diameter of the optical system. Finally, calculations34
gstimate that the radiation occurs over a time of ~ 1 ps., a value that is consistent
with the x-ray pinhole camera measurements. Therefore, assuming isotropic
amission from a volume of these dimensions, the experimentally radiated intensity
I, was approximately [, ~ 2-3 x 10' W/cm? We see immediately that this value
talls in the range given by the estimate .. the upper bound I,m. The measured
performance, therefore, appears close to the maximum possible. Aithough such a
source is incoherent, a radiation rate of this magnitude, coupied with the reiatively

narrow spectrum over which it occurs, constitutes a source of extremely high
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Fig. (4): The data of Ref. (29) on carbon and oxygen lons produced In Ar'®
ion-molecule collisions In the reaction Ar'** + X —— Ar'?* 4+ tragments
(C'*. OI°, e’) at a collision energy of ~ 1 MeV/au. The muitiphoton
data for C** and O’ are also shown for comparison for CO, (4) and
CO (o). Rather close agreement of the collislonal and muitiphoton data
is seen. Figure reproduced with permission.
spectral brightness that can produce unusually high excitation rates In absorbing
material.
IVv. SUMMARY AND CONCLUSIONS
The use of recently developed high brightness subpicosecond Ilight sources
for the study of the Interaction of matter with strong electromagnetic flelds Is leading
to the observation of new phenomena and new classes of excited states of matter.
Two important consequences of these developments are the production of new forms

of ionized molecular matter and the generation of powerful x-ray sources associated

with high density piasma environments.
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ABSTRACT

Dynamical calculations of propagating intense axisymmetric circularly polarized
laser pulses in collisionless plasmas, incorporating relativistic and charge—displacement
mechanisms, show that their combined action can lead to stabilized confined
modes of propagation. The effect of the charge—displacement is large and cavitation
of the electron distribution is a general feature. An example shows that ~ 50% of
the incident power (~ 4 TW) can be trapped in a channel which, for a wavelength
of 248 nm, an electron density of ~ 75 x 10°° c¢m™ and an initial beam radius

of ~ 3 um, develops propagating intensities of ~ 10** W/cm?.
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The dynamics of propagation of intense subpicosecond laser pulses in plasmas
in the strongly relativistic regime is currently undergoing vigorous theoretical

analysis“‘o.

Of primary significance is the possible formation of quasistable self-
channeled modes of propagation. In this Letter we examine theoretically the
consequences of the combined action of relativistic and charge—displacement mechanisms
with particular attention to the development and character of highly stable confined
modes of propagation. It is assumed that the pulse duration t considered in this
treatment satisfies the inequality T; >> T >> T, with T; and T, designating the
response times of the ions and electrons, respectively, so that ion displacement
can be neglected. For radiation with a wavelength of 248 nm, the range of intensity
of principal interest is I 3 10'° W/cm?, since both relativistic and charge—displacement
mechanisms are very significant in that region. Additional experimental studies
concerning this matter are presented in Ref. (11).

The basic formalism and procedures describing calculations have been described

previously,6 Assuming collisionless and lossless propagation, the slowly varying

complex field amplitude E(t,z,r) is governed by the nonlinear Schrddinger equation

{3, 6-8]
1 9 ] i
——+—JE+ —[8E+ k;u - Y'NG)E] = 0O, (1)
c, ot 9z 2k
Ng = max(0f(r) + kp’8.Y). Y = (1 - /12 (2)
Here O, = 3%/3r* + r'3/3r (r is the transverse coordinate), c, is the group

velocity in the plasma, k is the wave number, k* = k3 - kg, kg = w/C, kp = Wp o/C.
w is the laser angular frequency, “p.o is the plasma frequency, ¢ is the vacuum
speed of light. Ny denotes the electron density N normalized by the peak value
of the initial (unperturbed) electron density distribution N,; f(r) denotes the

initial transverse distribution of Ng. I = (c/4m) |E|?® is the intensity of laser
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beam, I, = mg’y w’c’/ame® is the parameter called the relativistic intensity. The
term kb’ 4,Y in (2) describes the charge—displacement process.

The ponderomotive force is capable of completely expelling electrons from certain
spatial regions, a condition described as “electronic cavitation".3 The calculations
show that the charge-displacement plays a strong role in determining the spatial
character of the propagating energy and, particularly, in stabilizing the confined
high-intensity modes.

The essential finding of these calculations is insight into the formation and
stabilization of spatially confined modes of propagation arising from the codperative
action of the relativistic and charge—displacement processes. The numerical simulations
were performed with model pulses having Gaussian or hyper-Gaussian incident
transverse intensity distributions interacting with initially homogeneous plasmas or
plasma columns having a hyper-Gaussian radial profiles.

The results of computations presented in this work are given in the frame (q.z.r),
g = t ={z/c,). connected with the wave front of the beam. The graphical data

represented below illustrate the propagation of the radiation along the z-axis for

g = constant. We present the results of simulations of dynamics of initially
Gaussian beams for the following values of the parameters: X = 248 nm, I, = 134
x 10%° W/cm® peak value of incident transverse intensity distribution [, = 3 x

10'° W/cm? initial beam radius r, = 3 um, Ny = 7.5 x 10% cm™, and f(r) = 1

(initially uniform plasma). In this case, the ratio of the beam power P, to the

critical power (P.,) of relativistic and charge-displacement self—focusing8

Per = (mgoc®/e’ (J gﬁ(p)pdp)(“/“w’:

-]

is 22.252. In the above expression, g,(p) is the so—called Townes mode. 12
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The solutions for the spatial profiles of the laser intensity [Fig. (1)] and the
corresponding electron density [Fig. (2)] exhibit several important characteristics.
Among them are (1) the generation of intense focal regions, (2) the development
of a stable confined channel of high—intensity propagation, (3) the trapping of a
substantial fraction of the incident power in the channel, and (4) strong cavitation
of the electron density.

On the basis of tne dynamical picture, the combined effect of the relativistic
nanlinearity and the charge-displacement can be, in reasonable approximation,
summarized in the following simple way. The relativistic effect leads to the
initial concentration of the radiation and the resulting displacement of electronic
charge reinforces this tendency and stabilizes the confinement. The codperative
nature of this action appears to {ead to highly stable conditions of propagation.

The behavior of the computed solutions for large z can be compared with
the z-independent eigenmodes8 of the nonlinear Schrodinger equation (1). The
main resuit of this work is that the field amplitude tends asymptotically to the
lowest eigenmode Vg4(r) of this equation. We call this phenomenon relativistic
and charge—displacement self-channeling. V¢(r) is a real-valued positive monotonic
function of r, carries a real dimensionless index s, vanishes as r — «, and is

related to the electric field amplitude by the statement3-8
E(r.z) = Vg(r) exoliz(s - 1)k;(2k)"]. (3)

Computations have shown, for the case studied, that the field distribution
for large 2z tends to the amplitude V¢(r) for the index s = 0.554. The appropriate
intensity distribution is then given by I4(r) = Vs’(r). Figure 3 exhibits the normalized
asymptotic field amplitude (Is(r)/lo)‘/2 and the corresponding asymptotic electron
density distribution Ng(r)/N,. In the asymptotic distribution of intensity, 46% of

the initial power of the beam is retained.
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Several other cases have also been considered. In particular, caiculations
examining the dynamics of propagation have been studied for hyper—Gaussian initial
intensity distributions for both homogeneous plasmas {f(r) = 1] and simulated
plasma columns [f(r) = exp [-(r/r,)’]. The behavior was found to be qualitatively
the same as that shown in Fig. (1) - Fig. (3) with asymptotically trapped fractions
of the initial laser power ranging from 34% to 77%. Generally, studies of the
relativistic/charge—displacement self-channeling thresholds showed that the only
condition required for initially flat waveforms to propagate in this regime is P, >
Per Self-channeled propagation also develops in the cases invalving initially
focused and defocused beams. We note that the relativistic and charge—displacement
self-channeling, characterized by the asymptotic evolution to the distributions
given by the Ilowest stationary eigenmodes, described above, differs essentiaily
from the previously known oscillatory regime arising from relativistic and charge-
displacement mechanisms® and the stabilization seen in purely relativistic propagation
in plasma columns.®

In summary, the dynamical behavior of channeled propagation arising from
both relativistic and charge-displacement mechanisms has been studied theoretically.
Two principal findings have been established. (1) These two processes can
codperatively reinforce one another and lead to stable confined high—intensity
modes of propagation in plasmas which are capable of trapping a substantial
fraction (~ 50%) of the incident power. (2) The spatial profiles of both the
intensities and electron density distributions tend asymptotically to those derived
as lowest eigenmodes of a z-independent analysis.

The authors acknowledge fruitful conversations with A. R. Hinds, R. R
Goldstein, T. S. Luk, and A. McPherson. Support for this research was partially
provided under contracts AFOSR-89-0159, (ONR) N00014-91-J-1106, (SDI/NRL)
N00014-91-K-2013, (ARO) DAAL 3-91-G-0174, (DoE) DE-FG02-91ER12108, and

(NSF) PHY-9021265.
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Fig. 1:

Fig. 2:

Fig. 3:

FIGURE CAPTIONS
The normalized intensity distribution I(r,2)/I,. 1, = 3 x 10" w/cm?® r,
= 3 um, A = 248 nm, and Ny = 7.5 x 107 cm™
The normalized electron density distribution N(r,z)/N, corresponding to
the data shown in Fig. (1). N, = 7.5 x 10*° cm™.
Radial dependence of the asymptotic solutions for the normalized amplitude
[IS(:')/IC,]‘/2 and the normalized electron density Ng(r)/N, for the index

s = 0.554.
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Appendix F:  “Observation of Relativistic and Charge-Displacement Self~Channeling
of Intense Subpicosecond Ultraviolet (248 nm) Radiation in Plasmas*

107




VOLUME 68. NUMBER 15

PHYSICAL REVIEW LETTERS

13 APRIL 1992

Observation of Relativistic and Charge-Displacement Self-Channeling of Intense
Subpicosecond Ultraviolet (248 nm) Radiation in Plasmas

% B. Borisov.''’ A. V. Borovskiy.">’ V. V. Korobkin, '’ A. M. Prokhorov.> O. B. Shiryaev, "

M. Shi.'V T.S. Luk.'™ A. McPherson.'

Y J. C. Solem.'¥ K. Boyer.'” and C. K. Rhodes "’

"'Laburamn- tor Computer Simulation, Research Computer Center. Moscow State University. Moscow. 119899 Russia
‘“'General Phvsics Institute. Academy of Sciences of Russia. Moscow, 117942, Russia

)

Department of Physics. Universuty of linois at Chicago. Chicago. Illinois 60680

*'"Theoretical Division, Los Alamos National Laboratorv, Los Alamos. New Mexico 87545
(Recewved |13 November 1991)

Experimental studies examining a new relativistic regime of high-intensity short-pulse propagation 1n
plausmas have been performed which present evidence for the formation of a stable mode of spatially

confined (channeled) propugation.

For an clectron density of ~1.35x10' ¢m

~' and a power of

~3x10'" W, the results indicate a chunnel rudius <1 um and a peak intensity ~10'° W/ecm?. Com-
parison of these findings with 4 dynamical theory vields agreement for both the longitudinal structure

and the radial extent of the propagation observed.
. PACS numbers: 52.40.Db. 42.25 ~p, 42.65 Ix

A fundamentally new regime of electromagnetic propa-
gation s expected to arise in plasmas for short-pulse radi-
ation at sufficiently high intensity. Calculations of the
propagation in plasmas. incorporating both relativistic
(1.2] and charge-displacement mechanisms {3-7]. indi-
cate that the combined action of these processes can lead
to a new stable form of spatially confined (channeled)
propagation. This Letter (1) reports the results of the
first experimental study probing the physical regime
relevant to the observation of relativistic and charge-
displacement seif-channeling and (2) presents the initial
comparison of these experimental findings with matching
theoretical calculations performed with the computation-
al procedures described in Ref. [7].

The experimental arrangement used in these studies is
illustrated in Fig. 1(a). The source of radiation was a
subpicosecond KrF* (L =248 nm) laser that has been de-
scribed elsewhere [8]. It delivered a linearly polarized
power of ~3x10'' W (~150 mJ, pulse duration ~ 3500
fs) in a beam with a diameter of ~42 mm. When this
radiation was focused into the chamber with lens L1
(f/7), a focal radius ro~3.5 um was measured. giving a
maximum intensity /o~8.6X 10" W/cm?. The medium
was provided by filling the chamber statically with gas
{He. Ne. Ar. Kr, Xe. Na, COs, or a mixture of Xe (4%)
and N (967)] up to a maximum density of ~1.89x10°
em ™Y,

The diffracted 248-nm radiation was measured us a
function of the angle (@) with respect to the direction of
the incident radiation. The incident laser beam was
blocked by a metal disk on the output window of the
chamber and lens L2 imaged the region near the focal
zone on a fluorescent screen S. The diaphragm D in front
of lens L2 restricted the collection of the diffracted light
to a solid angle of ~5° while simultaneously increasing
the depth of field. The angle between the axis of the lens
L2 and the axis of the incoming laser radiation could be
readily varied up to a maximum angle of @ ~15°. Two
flat mirrors coated for high reflection (~99%) at 248
nm, both having a spectral bandwidth of ~10 nm, served

© 1992 The American Physical Society

in reflection as spectral filters (F) for the diffracted laser
radiation so that only the scattered 248-nm radiation
could illuminate the screen. An attenuator .4 was em-
ployed to adjust the intensity on the screen and the im-
ages formed were recorded through the visible fluores-
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FIG. 1. (a) Experimental apparatus used in studies of propa-
gation. See text for description. (b) Data concerning the pat-
tern of propagation observed with a single pulse in N: at 4 den-
sity of ~1.35%10%° cm =% The maximum intensity is half the
detector (CCD) saturation. The radiation is incident from the
left. Inset: Photographic data with a vertical spatial resolution
of ~10 um. The graph illustrates the one-dimensional axisl
profile taken along the direction of propagation (:) of the pho-
tographic data (inset). The spacing of the maxima, §=100
+ 20 ym, is indicated.

Intensity (arb. units)

0
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cence produced with a microscope and a charge-coupled-
device (CCD) camera.

The characteristic behavior observed is well illustrated
by the data recorded with N,. The measured result,
shown in Fig. 1(b), corresponds to a density pn,~1.35
x10°° cm ~*. To the left, in the photographic inset. a rel-
atively large cone of light Rayleigh scattered from the
plasma is visible at all angles as the energy propagates to-
ward the focal point of the lens, while, in the region to the
right of the conical apex, a narrow filament developed.
The diameter of this filament is not greater than 10 um,
the measured spatial resolution of the imaging system.
The distribution of intensity observed along the filament
exhibited several bright features attributed to diffraction
because they could not be seen for © > 20°. Since the
axis of the imaging lens corresponded to an angle
© =7.5°, the scale along the abscissa of the photographic
data is reduced by almost eightfold, giving the maximum
length of the filament as ~1 mm. The graph in Fig. 1(b)
represents a one-dimensional axial profile. taken along
the direction of propagation (z), of the observed intensity
pattern (inset). Three peaks (a.8,y) are visible with a a
spatial separation of 8 =200+ 20 um. The normal Ray-
leigh range for the focal geometry used was ~ 200 um.

The diameter of the filamentary channel is an impor-
tant dynamical variable. which we estimated by measur-
ing the maximum angular deviation of the diffracted
light. The experimental value ¢ of this diffracted cone
was ¢ ~20°, a magnitude indicating a radius 7,~0.9 um
though the relation 9 =1.22)/r,. Filaments of this gen-
eral nature were observed at densities above ~1.35x10%°
cm "' in N, Ne. Ar. Kr. CO,, and a mixture of Xe (4%)
and N> (96%). but not in He and Xe. two materials dis-
cussed further below.

Two mechanisms exist that could modify the refractive
index of the medium and lead to the observed behavior.
They are (1) the Kerr effect stemming from the ions and
(2) the relativistic and charge-displacement process [7].
Since the pulse duration is very short (~500 fs). the
motion of the ions is negligible [3]). and no contribution
can arise from expulsion of the plasma from the high-
intensity zone. An implication of the estimate of the
channel radius (r,~0.9 um) is that the observed propa-
gation is associated with intensities in the 10'*-10'"
W/cm® range. Under these conditions, available experi-
mental evidence [9.10] on multiphoton ionization indi-
cates that He should be fully ionized and the C. N. and O
atoms constituting the molecular materials would retain.
at most, only 15 electrons.

Consider explicitly the case of N>, which has estimated
[9.10] threshold intensities for the production of N**.
N®* and N'* of 1.6x10'", 6.4x10'", and 1.3x10"
W/cm®, respectively. Hence, the volume of the channel
would be largely ionized to N**  with certain localized
high-intensity regions contributing some N°*  Two
consequences of this pattern of ionization follow, namely,
(i) the Kerr effect arising from the ions is small. since the
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polarizabilities of the remaining 15 electrons are low, and
(i) the electron density (n,) initially produced in the fo-
cal region is nearly uniform. Therefore, n.=1.35x10°'
cm ~? for the data on N1 shown in Fig. 1(b).

A critical power P, for self-channeling. arising from
the relativistic and charge-displacement mechanism. can
be defined [11] as

Po=(mic/e Z)J; gi(r)r driw/wp )"
=1.62x10'%n./n.) W, ()

where m,. e. and ¢ have their customary identifications. w
is the laser angular frequency. wp o is the plasma frequen-
cy for the uniform unperturbed plasma with electron den-
sity n.. n, is the critical electron density (for » =248 nm.
n.=182x10% cm ~%), and go(r) is the Townes mode
[12].

The critical powers associated with the experimental
conditions, for He and N> at a medium density
p=1.35%10% cm =3, are 1.08x10'? and 2.19x10"" W,
respectively. Therefore. since the incident power was
P=3x10"" W, no filament was expected in He. a predic-
tion conforming with the observation of none. Moreover.
the diffracted cone of radiation was also absent with He.
In contrast. P/P.=1.37 for N., a condition that held
generally (P/P. > 1) for all materials which exhibited
evidence for channel formation. We note. however, that
some contribution from the Kerr effect may be present.
even for the light materials (Ne. N, and CO»). in the
early stage of channel formation prior to the development
of a substantial level of ionization. and that the heavier
gases (Ar, Kr, and Xe) may involve a more significant
influence from the Kerr process. A specific estimate of
the nonlinear index change arising from both N** und
N®* at an intensity of ~10'® W/cm? indicates that their
contribution is less than 10 ™% that of the free electrons.
hence the ionic contribution can be neglected in N for
the conditions studied.

A direct comparison will now be made between the
theoretical analysis, fully described in Ref. [7). and the
experimental findings for Na. This comparison can be ac-
complished for both the longitudinal intensity profile und
the radial extent of the channel. Figure 2(a) illustrates
the intensity profile /(r.z)/lq calculated with physical pa-
rameters corresponding to those of the experiment (i.c.
P=3x10" W, ro=35 ym, n,=1.35x10"" cm "', und
P/P.=1.37). Importantly, all of these parameters are
based on independent measurements of (1) the laser pulse
involving determinations of the energy and power (P}
(2) the focal radius (rq) of the incident radiation. and (3}
the characteristics of the multiphoton ionization [10] gen-
erating the electron density (n,). Therefore. this compar-
1son does not involve a fit with a free parameter. The
normalized electron density calculated is presented 1in
Fig. 2(b). from which it is seen that electronic cavitation
occurs only near the positions of the maxima in the inten-
sity profile [Fig. 2(a)). Curve 4 in Fig. 2(c) represents
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the one-dimensional axial intensity profile /(0.z)//o cor-
responding to the calculated distribution shown in Fig.
2(a). The spacing (8) of the maxima is seen to be
6~ 185 um, a value in close agreement with the experi-
mental figure (6 =200 * 20 ym) illustrated in Fig. 1(b).
Furthermore, analysis has shown that the spacing é 1s
quite sensitive to the power Py and electron density n,.
particularly in the region close to the threshold [see Eq.
(1)). With respect to the results illustrated in Fig. 2(c).
an increase in n, by less than 5% causes a reduction in
the spacing & by approximately 25%. Therefore, substan-
tial changes in the physical parameters would grossly
alter the comparison of the experimental and theoretical
results.

Theoretical studies [3-7,11] indicate that the charge
displacement plays a very important dynamical role. In
order to test this hypothesis. identical calculations were
made for N; for the purely relativistic case [2} which ex-
plicitly neglects the charge-displacement term. namely,
elimination of the term (c*/w}org)a, (1 +1/1,)"" in Eq.
(24) of Ref. [7]. Significantly, the resulting axial profile
[curve B8 in Fig. 2(c)] exhibits only a single relatively
weak maximum, for 0 < z < 600 um. an outcome sharply
at variance with both the full theoretical analysis and the
experimental observation. Although the expected charge
displacement is highly localized (Fig. 2(b)]. this compar-
ison reveals the strong influence it has on the propagation
{3.7.11). At a greater incident power (P/P.,~10). a
\ _ continuous channel in the electron distribution is expect-
: ' ed to develop [7].

A\ ' ':\ \ The measurements indicated an approximate value of

o ‘;' \ n re==0.9 um for the radial extent of the channel. 4 result

| I ; '.\ that can be compared with the corresponding theoretical

. ‘/ \ | figure. Figure 2(d) illustrates five radial intensity profiles

" [ ;o 1(r.z,)/1¢ of the distribution pictured in Fig. 2(a). Since

‘ / vv’ ' the measurement of this angularly scattered radiation did

) L/) not correspond to a known longitudinal position. this

- ~ < _ comparison can only be qualitative, but the radial distri-

1o -Ac 300 400 SCQ 310 butions shown indicate that the expected value lies in the

interval 0.5<r < 1.0 um, a range that comfortably in-
cludes the experimental value r,.

(d) 1z, The results observed with Xe deserve additional discus-

%V/ sion. since those experiments did not give evidence for the

23 formation of a channel. In significant contrast to the cuse

:1
3,//‘_5 involving N, the electron density n. produced by the
e multiphoton ionization [10] in Xe is expected to be very
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FIG. 2. Calculations for N» with P=3x 10" W, ro=233 ym,
n.=1.35%10%" cm ", and fo=8.6x10'" W/em®. (a) Normai-
ized intensity /(r.z)/lo. (b) Normalized electron density
N(r.z)/No for Ns with Ng=n.. (c) Normalized one-dimen-
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nonuniform spatially. For intensities spanning 10'°-10"*
W/cm®, the corresponding density n, would vary by over
a factor of 2. Since this nonuniformity would tend to
reduce the refractive index locally in the central high-
intensity region, a significant defocusing action is expect-
ed which could suppress the channel formation.

Finally, we note (1) that the intensity distribution is
not expected to depend strongly on the state of polariza-
tion {13.14] and (2) that losses to the plasma may be
significant, particularly at electron densities close to n,,.

The first experiments examining a new relativistic re-
gime of high-intensity pulse propagation in plasmas have
been performed and the findings indicate the formation of
a channeled mode of propagation over a length consider-
ably greater than the Rayleigh range. Specific compar-
isons of the experimental observations with a dynamical
theory. which explicitly includes both the influence of the
relativistic mass shift and the displacement of the elec-
tronic component of the plasma. produce excellent agree-
ment for both the longitudinal structure of the intensity
profile and the radial extent of the channel. While the
present channel contains several foci, a continuous chan-
nel 1s predicted to develop at higher power. Finally. the
intrinsically very high concentration of power associated
with this mechanism of channeled propagation provides
an efficient and general method for the production of con-
ditions necessary for x-ray amplification {15].
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A simple derivation in the Coulomb gauge of the nonlinear Schrodinger equation describing propaga-
tion of powerful ultrashort circularly polarized laser pulses in underdense cold inhomogeneous plasmas
1s presented. Numerical solutions are given for the two-dimensional axisymmetric case for both initially
homogeneous plasmas and static preformed plasma columns. These solutions account for (i) diffraction,
tit) refraction arising from variations in the refractive index due to the spatial profile of the electron den-
sity distribution, (iti) the relativistic electronic mass shift, and (iv) the charge displacement resulting from
the transverse ponderomotive force. The most important spatial modes of propagation corresponding to
‘1) purely relativistic focusing and (2} the combined action of both the relativistic and charge-
displacement mechanisms are described. The latter leads to the formation of stable confined modes of
propagation having paraxially localized regions of high intensity and corresponding paraxially situated
cavitated channels in the electron density. It is further demonstrated that the dynamical solutions of the
propagation tend asymptotically to the lowest eigenmodes of the governing nonlinear Schrédinger equa-
tion. Finally, the calculations illustrate the dynamics of the propagation and show that the relativistic
mechanism promotes the initial concentration of the radiative energy and that the subsequent charge
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displacement stabilizes this confinement and produces waveguidelike channeis.

PACS number(s): 52.40.Nk, 42.65.Jx, 52.35.Mw, 52.40.Db

I. INTRODUCTION

The interaction of relativistically intense subpi-
cosecond laser pulses with gaseous media has been an
area of vigorous research for the past several years. For
ultraviolet wavelengths on the order of 200-300 nm., the
intensity region of interest, in which relativistic effects be-
come important, lies above ~10'®* W/cm?. The propaga-
tion of radiation in such media, for intensities greater
than ~10'® W/cm*, naturally causes strong nonlinear
ionization in all matter. Hence, the pulse itself, even in
regions where the intensity is relatively low compared to
the peak value, removes many electrons (1,2] from the
atomic or molecular constituents creating a plasma
column in which the main high-intensity component of
the puise propagates. Therefore, in a reasonable first ap-
proximation, the investigation of the resulting propaga-
tion can be divided into two separate and distinct areas.
They are (1) the atomic and plasma physics occurring in
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the field of the intense electromagnetic wave leading to
the ionization and (2) the subsequent nonlinear propaga-
tion of the radiation in the plasma that is generated. The
work described below concerns the latter issue.

To our knowledge, Akhiezer and Polovin published the
first treatment of high-intensity electromagnetic waves in
a cold plasma [3]). They derived the equations describing
the propagation as a function of the single canonical ar-
gument (w! —kz) appropriate for one-dimensional wave
motion, reduced the problem to Lagrangian form with
two integrals of motion, and presented either exact or ap-
proximate solutions corresponding to particular sim-
plified special cases.

Several subsequent treatments have been devoted -
the acceleration of charged particles in either relativisiic
beat waves or in the tail of a single relativistic puisc
Specifically, Noble [4] applied the equations derived -
Akhiezer and Polovin to the study of single- and dou® -
wave propagation. In other work [5] beat waves :n *
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plasmas are described kinetically. The excitation of par-
ticles in cold plasmas occurring in the tail of a single in-
tense laser pulse has also been investigated (6).

Importantly, this previous work [6], which considered
the case of linear polarization, established that harmonics
of the fundamental frequency are not produced at a
significant power. if the plasma is underdense and the
group velocity of light 1s close to the speed of light.

Utilizing the quasistatic approximation for the fluid
equations of cold underdense plasmas, Sprangle, Esarey,
and Ting (7] derived the first nonlinear, fully self-
consistent set of equations describing the propagation of
relativistic laser pulses into plasmas for a one-
dimensional geometry. This formulation was used to ob-
tain insight into relativistic self-focusing, including the
self-consistent electron-density profiles, wake-field gen-
eration, optical guiding, and second-harmonic genera-
tion. However, since this treatment was one-dimensional,
the muitidimensional case remained unsolved.

An important finding of Sprangle, Esarey, and Ting (7]
concerned the diffractional erosion of the leading edge of
a pulse propagating in the plasma. However, in the work
described below, we concentrate on the evolution of the
central portion of the pulse as it propagates in the plasma
and neglect the associated erosion of the leading edge.

Extensive literature exists on the motion of electrons in
radiation fields of certain explicitly given forms. The
solution for the case of plane monochromatic waves is
known (8], and this result has been considerably extended
in subsequent work [9,10]. Of course, the well-
established Volkov solution for the Dirac equation also
exists {11]. In particular, Bardsley, Penetrante, and Mit-
tleman [12] have numerically simulated the relativistic
dynamics of electrons in a one-electron picture that in-
cludes the effects of space charge and the spatial distribu-
tion of the radiation field.

The first treatment of the relativistic self-focusing in
plasmas was developed by Max, Arons, and Langdon
{13]. In addition. the general character of the elec-
tromagnetic propagation in plasmas has undergone con-
siderable analysis. Schmidt and Horton {14], Hora {15],
and Sprangle er al. {16,17] have evaluated the thresholds
for relativistic self-focusing using analytic methods.
Especially germane is the work of Sun et al. [18], who,
for imtially homogeneous plasmas, derived the two-
dimensional ' 7.2 nonlinear Schrodinger equation govern-
ing propagation, including consideration of the combined
effect of the relativistic nonlinearity and charge displace-
ment. This work presented the lowest eigenmode of the
nonlinear Schrodinger equation and included numerical
evaluation of the threshold of relativistic self-focusing,
the value of which has been approximately estimated in
earlier work (14~17]. Finally, this analysis [18] presented
the (r,z) dynamics of the propagation for the perturbed
lowest eigenmode of the nonlinear Schrodinger equation
for cases not involving spatial cavitation of the electron
density. We note that Kurki-Suonio, Morrison. and Taji-
ma [19] have also developed the stationary analytic solu-
tions to this equation for a one-dimensional geometry.

Additional related works can be cited in this context.
Relativistic self-focusing and beat-wave phase-velocity

s
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control in plasma accelerators are kindred subjects [20].
Computations involving particle simulations revealing
the initial process of self-focusing and subsequent pon-
deromotively driven electron motions have been per-
formed (21]. Other calculations analyzing the plasma dy-
namics and self-focusing in heat-wave accelerators [22'.
as well as the consideration of the nonlinear focusing of
coupled waves (23], have also appeared.

In prior publications, we have (1) investigated the gen-
eral behavior of two-dimensional (r,z) axisymmetric rela-
tivistic self-focusing, (2) presented results on the process
of stabilization of laser pulses in plasma columns [24}. 13
described, with the use of an analytical model [25], the
steady-state characteristics in cavitated channels having
overdense walls, (4) reported preliminary results of calcu-
lations that evaluated the combined action of the relativ-
1stic and charge-displacement mechanisms and indicated
the formation of stable confined cavitated modes of prop-
agation {26}, and (5) presented the experimental evidence
of relauvistic and charge-displacement self-channeling of
intense subpicosecond ultraviolet radiation in plasmas
1271, including specific comparison with the results of
this computational model [27].

The current work presents a full description of the
theory of nonlinear propagation of intense axisymmetric
ultrashort laser pulses in cold underdense plasmas. In
this analysis we use the term ultrashort to indicate that
the duration of the pulses r satisfies the inequality
7, >>r>>r1,, with 7 and r, designating the response
times of the ions and electrons, respectively. We consider
both homogeneous plasmas and preformed plasma
columns. In this study, no attempt is made to establish
consistency between the local ionization state and the lo-
cal laser intensity, the issue outlined in Sec. I. For
sufficiently-low-Z materials, such as hydrogen (H,). this
calculation would be unimportant, since full (maximal
ionization would be achieved even in rather low intensity
(~10"-10'®* W/cm?®) regions [28]. Since the main re-
gime of interest for this work involves intensities greater
than ~10'® W/cm?, we believe that the plasma condi-
tions we have chosen for analysis are sufficiently close to
the true self-consistent state to be adequate for the in-
tended scope of this study.

The calculations discussed below have been performed
with the specific goal of exploring the characteristic dy-
namics and stability of the propagation, including partic-
ularly, the interplay of the relativistic and charge-
displacement processes. Therefore, in order to illustrate
this behavior, numerical results are presented that por-
tray the propagation and self-focusing action as a conse-
quence of (1) the purely relativistic nonlinearity and :2!
the combined action of the relativistic and charge-
displacement mechanisms. Although the relativistic
influence cannot be truly physically separated from the
charge-displacement process, it has been examined sepa-
rately because this comparison provides insight on the
dynamics of the focusing action, specifically the process
by which the charge-displacement and the confined prop-
agation in the electronically cavitated channel develop
Since both the relativistic effect and the charge displace-
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ment tend to locally produce a reduction in the plasma
frequency (w,) that is more significant in the high-
intensity regions, both of these effects perturb the wave
fronts in a manner that encourages convergence of the
wave and the formation of localized high-intensity zones.
Furthermore, for both the purely relativistic and the
combined cases. we have calculated the stationary eigen-
modes of the nonlinear Schrodinger equation and show
their relationship to the modes of propagation dynami-
cally developed in the plasmas. In particular, it is shown
that the charge displacement, especially that resulting in
dynamical cavitation, has a very strong effect on the spa-
tial character of the propagation (26].

The calculations indicate that the effictency of
confinement of the propagating energy is potentially
high, namely. that a large fraction of the incident power
can be trapped in a channeled mode by the combined ac-
tron of the relativistic and charge-displacement processes.
Furthermore, in the asymptotic regime, it is found that
the channel is charactenized spatially by an intensity
profile and electron-density distribution corresponding to
the lowest :z-independent eigenstate of the nonlinear
Schrodinger equation. Overall, the principal conclusion
of this work is that, under appropriate conditions, a new
dynamical mode of stable highly confined propagation
naturally evolves for the propagation of suffictently short
{7, >>7>> 7,1 pulses of coherent radiation in plasmas. By
new dynamical modes, we mean the self-channeling of the
radiation through the formation of stabilized electroni-
cally cavitated paraxial modes, which result from the
combined action of the relativistic and charge-
displacement mechanisms. Interestingly, for ultraviolet
wavelengths in the 1200~ 300)-nm range, the power densi-
ties naturally associated with these environments can ap-
proach thermonuclear values.

In Sec. I the underlying physical concepts are present-
ed and the governing nonlinear Schrodinger equation is
derived. Section [II presents the analysis of the eigen-
modes of this equation. Representative results of numen-
cal simulations of the two-dimensional axisymmetric
propagation are given in Sec. [V. Section IV also con-
tains a comparison with the purely relativistic case. Fi-
nally. the conclusions are summanized in Sec. V.

1. GENERAL CONSIDERATIONS

A. Physical model

Several physical phenomena [1-7,14-19.24-26,29]
play a role in the nonlinear dynamics governing the prop-
agation of intense coherent radiation under the condi-
tions being examined in this study. They are the follow-
ing.

'a) The creation of a plasma column by ionization in
the temporally early region of the laser pulse.

ib) The influence of the spatial variation of the refrac-
tive index arising from the nonlinear response of the
dielectric properties of the medium. Two mechanisms
are related to the electronic component; specifically. the
refattvistic shift in electron mass and the ponderomotive-
ly driven electron motion which tends to displace elec-

A. B. BORISOV et al. 18

trons from the high-intensity zone. For sufficiently short
pulses, only the electrons are expelled from the laser
beam and the more massive ions, due to their substantial-
ly greater inertia, are regarded as motionless [17,18,25).
A third mechanism is the nonlinear response arising from
the induced dipoles of the ions, but this is generally small
and negligible [25].

(c) Defocusing mechanisms, caused by diffraction from
the finite aperture and refraction by the transverse inho-
mogeneities in the electron density.

‘d) Dissipation of laser-beam energy by (i) motion of
the electrons, (ii) ionization of the gas atoms, (iii) genera-
tion of harmonic radiation, (iv) production of inverse
bremsstrahlung, (v) Compton scattering, and (vi) other
amplitudes of nonlinear scattering.

The present work incorporates four phenomena: (1)
the nonlinear response of the refractive index of the plas-
ma due to the relativistic increase in the mass of the free
electrons, (2) the refractive index variation due to the per-
turbation of the electron density by the ponderomotive
force, (3) the diffraction caused by the finite aperture of
the propagating energy, and (4) the refraction generated
by the transversely inhomogeneous plasma density assoct-
ated with the formation of a plasma column. In these
calculations, preformed static plasma columns were used
in order to approximate the radial distnbution of ioniza-
tion that is expected, if the incident laser pulses were pro-
ducing the ionization on their temporally leading edge.
Finally, the calculations were performed for a length of
propagation that is much shorter than the characteristic
length for dissipation of the energy of the pulse through
1onization or other modes of energy loss.

It should be noted that the relativistic intensities
characteristic of the phenomena examined in this work
can be currently obtained experimentaily [30-32]. In
particular, the experimental parameters characteristic of
the ranges that would apply to the study of these phe-
nomena are presented in Table I. With the wavelengih
and range of electron densities shown in Table [, the plas-
ma is always underdense, namely, (@, /w)’ << 1, where
w=2mc /X is the angular frequency of the laser radiation
and wp=t4n'e:.V, /m,)""* is the customary plasma fre-
quency.

B. The propagation equation

Consider the propagation of an intense ultrashort laser
pulse in a plasma with an initially radially inhomogene-
ous electron density, described by the function f(r) so

TABLE 1. Experimental parameters characteristic of the
ranges that would apply for the study of relativistic and charge-
displacement self-focusing of laser pulses in plasmas.

1=10"-10"° W/cm?

7= 100-1000 fs

ro=1-3 um

A =0.248 um (KrF* laser hight
p=10"-10" cm ™}

N, =10"-10* cm ™}

Peak intensity

Pulse length

Initial focal spot radius

Wavelength

Target gas densities

[nitial unperturbed
electron density
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that N\%'=N, ,f (r), maxf(r)=1. We denote the vector
and the scalar potentials of the electromagnetic fields as
A and 4, respectively, and the corresponding electric
field as E. Let the momentum of the electrons, the
current density. and the charge density be denoted as P,,
J» and p, respec:ively. We assume, for the short timescale
of interest, that the ions are inertially frozen in space
(17,18,24,25]. Then,

:A=c"'va—‘”—<4w/c)j, (n
ot

Vie=—dmp, (2)
1vV-A)=0, {3)
3 _,3A
18-‘*(VQ-V) p.=—¢e|—c I—E);——Vﬁ

+c v, (VX A |, (4)
i=—eN,v,, p=elN."=N,), (5)
vezpe/me' m,=m,sY

(6)

Y=[l+ Pe'z/(me.()c )I]I/Z .

In the set of statements above, Egs. (1) and (2), are the
Maxwell equations, Eq. (3) is the Coulomb gauge condi-
tion, Eq. (4) is the equation of motion of the electrons,
Egs. (5) are the definition of the current density and the
charge density (.V.% is the initial charge density, while .V,
is the dynamical charge density), and Egs. (6) represent
the relativistic relation between the velocity v, and the
momentum of the electrons. In Eqs. (6), m, is the rest
electron mass, 5=V?—c¢ ~%3°/3t*.

It is convenient to normalize the values in the equa-
tions presented above as follows:

A=te/m, VA, S=te/m, )0,
E=te/m,c ' E. B,=p,/m, o, 7
v,=v,/c. N,=N,/N,q,

with the understanding that, henceforth, the tilde sign
will be suppressed. Using the relations (p, Vip,
=V'p, */2—p, X1 VXp,) and Vy=V'p,i?/2y, Eq. (4)
becomes

%‘p, — A=V, X[UX(p,~ A)]|=V(d=y). 8
In the limit r>>27/w,, the expression p, = A is approxi-
mately valid. As we shall see below, this condition means
that the electron response can be regarded as adiabatic.

Furthermore, assuming the vector potential to be circu-
larly polarized, we write

Alr.z.n=1{(e, +ie )a(rztlexplilwt —kz)]+c.c.| .
19}

Consistent with the statements made above, we em-
phasize the use of the assumption that the pulse length in
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both space and time is much greater than both the plas-
ma (2mc/w,,) and electromagnetic (A) wavelengths.
This leads to the validity of the inequalities

| da ' !aa '

a1 Ye s 0e < ! ’I

c7'3 r‘,az : < lkal,lk,al ,
where k’=k§—k;, ko=w/c, and k,=w,,/c. We use
the notation w;‘o=41re2N,.0/m,,o specifically to denote
the unperturbed plasma frequency. With the assump-
tions and approximations stated above, Egs. (1)~(8) be-
come

CA=k/Ny 'A, 110
Vie=k}N,—f(n], (b
Vie—y)=0, (12
y=01+p, " p,=A. (13

The term ¢ '3V /3t is omitted in Eq. (10), since y and
&, according to Egs. (9), (12), and (13), do not have a
high-frequency dependence. Equations (11) and (12} re-
sult in the expression for the electron density,

N, =max[0,f (r)+k, *Vy] . (14)

The logical function max(0, ) provides for the physical-
ly obvious and necessary condition N, 20. The analo-
gous expression for the electron density has been previ-
ously derived by Sun er al. [18] for the case f(r)=1. It
should be noted that Eq. (12) states the condition for the
balance of the ponderomotive and the electrostatic forces
for the relativistic case. Through combining Egs. 9.
(10), and (14), we establish the equation for the slowly
varying complex amplitude of the vector potential
atr,z,t)as

+£‘;(Vfa +k:l l—y"max[O,f(r)+kp'3ny]!a)
=0 . 15

In accord with the previous assumptions used in deriving
Eq. (15), we have neglected the second z and r derivativ e~
in this expression. In Eq. (15), v, =ce)’? is the group ‘¢
locity of light in unperturbed plasma, ;=1 —(w,

is its corresponding dielectric  constant, an.
¥y =(1+:a;*)""2 It should also be noted that the electr:.
field vector E and the vector potential A are related
through the approximate relation

Elr,z,t)~ —iky Alr,z,t) .

The calculation of the propagating wave form for
central high-intensity region of the pulse is accompli~-
by considering the solutions of Egs. (15) along its char :.
teristics. Changing the variable rto ¢ =t —z/v,. Eq
becomes
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%a +i(VEa +k2{1—7 " 'max(0,f(n+k, 2V ]}a)

=0, (16)

for which we seek solutions of the form g =const. We re-
call that certain solutions of Eq. {16) for the special case
ftri=1 have already been presented {18,19,33].

The results of the computations presented in this work
are given with respect to the variables (g,r2).
Spectfically, the data presented in the figures below illus-
trate the propagation of the radiation along the z axis for
q =const. Equation 116) describes the two-dimensional
ir,z) dynamics of propagation for coherent circularly po-
larized radiation in plasmas having an inhomogeneous
transverse ( r-dependent; distribution of electron density.
The basic physical phenomena explicitly embodied in
these equations have been outlined in Sec. IT A.

III. STATIONARY SELF-LOCALIZED MODES
OF PROPAGATION

Equation (16), in the case of homogeneous plasmas
[ftry=1], has axisymmetric partial solutions of the form

atry=U, ,tk,rexplitk;/2kis —1iz] , an

where s is a real-valued dimensionless parameter and the
real-valued function U, , obeys the ordinary differential
equation [18]

VU, ,~[s+~FU U ,=0. (18)

In this discussion the dimensionless argument p=k,r is

used and V- in Eq. (18) denotes the Laplacian with the

derivatives designated with respect to this variable {p).
The nonlinear term in Eq. t18) is

Fi Llﬂ )= —'V»'.w/y;,n '

N, =maxi0.1+Vy ), 119)
OUER Bl AL
The natural boundary conditions for Eq. (18) are
dr, 10}
— =0, (. ,(x)=0. 201
dp .

The first condition assures axial symmetry of the solu-
tions, while the second is necessary for the property of
finite energy for the solutions. We designate these solu-
tions as “etgenmodes’ and their significance is explored
below.

Consider imtially, however, the eigenmodes corre-
sponding to the purely relativistic case, functions which
are obtained from Egs. (18) and (19) by neglecting the
term ¥y . Since, we are explicitly eliminating the pon-
deromotive potential and its influence on the motion of
the electrons, in this situation the electron density will
not be self-consistent. In this restricted case, Eq. (18} can
be rewritten in the form

T . e !
4L |
dp (i dp R | dp

i

-] db’(_"! j’-

A. B. BORISOV eral. 15

where V(U, ,,5)=(s/2)U}, —(1+ U}, ) +1.

The second boundary condition, stated in Eq. (20), en-
sures finiteness of energy only in the situation where the
dynamical system defined by the last two expressions has
three rest points, one of them being zero, that is for the
case 0<s <1. Exactly as in the classic theory of cubic
media [34,35] for values of the parameter s belonging to
this interval, the localized eigenmodes constitute a count-
able set that is ordered by the number of zeros-n in each
of its members for finite values of p. Figure 1 illustrates
the first four eigenmodes for s =0.95.

Consider now the eigenmode corresponding to the
unrestricted situation that includes both the relativistc
and charge-displacement mechanisms, a case which 1s
found to be fully analogous. The eigenmodes of the equa-
tion describing the combined relativistic and charge-
displacement processes for the interval O<s <1 aiso
make a countable set that can be ordered in the same way
as the one associated with the purely relativistic case.
The zeroth (lowest) eigenmode U, 4(p) with s =0.95,
along with the corresponding electron density .V, ;p'
given by the second formula in Eq. (19}, are depicted in
Fig. 2. These two functions have been developed in ear-
lier work [18]. The first and second relativistic and
charge-displacement eigenmodes for the value of the pa-
rameter s =0.95 and the corresponding electron-density
eigenmodes N, |(p) and .V, ;(p) are depicted in Figs. 3 and
4. respectively. These higher eigenmodes exhibit the im-
portant feature that cavitation may occur in the electron-
ic component of plasma [see Fig. (4)], even if it does not
occur in the case of the lower eigenmodes [see Figs. 2 and
31

A prior study (18] treated the (r,z) dynamics of the
evolution of the perturbed lowest eigenmodes for the case
in which no cavitation of the electronic component of
plasma occurs. The lowest eigenmodes were perturbed
by multiplying them by constants in the neighborhood or
unity. In this case, the known regime involving oscillato-
ry propagation was observed. However, the instability ot
the numerical method applied in that work [18] prevent-
ed the performance of similar computations for cases in-
volving cavitation. Our calculations show that the analo-
gously perturbed lowest eigenmodes V, (p) also propa-
gate in the same oscillatory fashion when electronic cav:-
tation occurs, the corresponding density of which 1s zi1ven
by .V, stp). It is also found that the same behavior desei-

FIG. 1. Stationary axially symmetric eigenmodes
s =0.95 corresponding to purely relativistic self-focusinz
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FIG. 2. The zeroth lowest) axially symmetric stationary
eigenmode with s =0.95 corresponding to relativistic and
charge-displacement seif-focusing: the normalized field ampli-
tude distribution U, ,(p) and the normalized electron density
distribution .V, o(p).

ops for the perturbed first eigenmodes, which have one or
two cavitated channels in the electronic density described
by N, (p). The results of these simulations can be re-
garded as evidence of the (r,z) stability of axially sym-
metric lowest and first eigenmodes against small pertur-
bations in the amplitude. It should be noted, however,
that these higher eigenmodes are presumably unstable
against small azimuthal perturbations, the nature of
which violates the assumed axial symmetry of the distri-
butions.

The important consequence of the character of the
solutions discussed above is the fact that the power

P, =2rrf0” Urz_o(p)pdp

contained in the intensity distribution corresponding to
the lowest eigenmode U, 4(p), unlike the case of a cubic
medium, depends on the parameter s. Namely, this
power decreases as s increases.

The infimum of P, by s, in the internal 0<s <1, is
called the critical power {P_.) of the relativistic and
charge-displacement self-focusing. This power equals the
critical power of the purely relativistic self-focusing
[18,36] and

o= inf P= i .
Per 0<";“;|Ps s—-uln—op’

(Y3

»

3
-

FIG. 3. The first axially symmetric stationary eigenmode
with 5 =0.95 corresponding to relativistic and charge-
displacement propagation: the normalized amplitude distnbu-
tion U, (p) and the normalized electron-density distribution
Noph
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20

M
-2 s

.FIG. 4. The second axially symmetric stationary eigenmode
wyh s =0.95 corresponding to relativistic and charge-
displacement propagation: the normalized amplitude distribu-

tion U, ,lp} and the normalized electron-density distribution
Nop)

The explicit evaluation of this critical value is presented
below. As U, (p)—0, N p)—1 for s —1—0; we have
(18] therefore,

Voo No— I=N, o1+ U}) "2 =1

- 2 —l_ —4 - : .
x-.l—o“+U“°/2) ls—ol—O Uz /2
Furthermore,
U = U ,
s.o(l’),_.l_0 olp)

where U,(p) is the positive, monotonically decreasing
(reaching zero for no finite value of p) solution to the
boundary-value problem [18,36]

ViU, —€eUy+1U§=0,

dU,

—2;‘(0)=0, Up(»)=0,

with €é=1—s5. A change of the variables, which is a stan-
dard procedure for treating the case of the cubic non-
linearity [37], shows that [36]

Uylp)=(2¢)""2g,(€! %) ,

where g, is the customary Townes mode, i.e., the posi-
tive, monotonically vanishing solution to the following
boundary-value problem:

Vg, —80+85=0,

dg,

z(0)=0, gol@)=0.
From the definition of P_, and the relation between U,ip"
and gy(p), it follows that

Per =0<"s"; lP’ =s_ljr|!10P,
=2r [ "Ukiplpd
[ “Ullprpdp

=4r [ "gllpwdp=2P, .

where P_, . Eerfg’gé(p)p dp is the critical power of the
Kerr seif-focusing in cubic media [34,37].

Using the resulting relation between the normalized
values of the critical power of the relativistic and charge-
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displacement self-focusing P, and the critical power of

the Kerr self-focusing P, . we have the elementary result
that
P, =2P, ..

v

Finally, by calculating g,.p) numerically, we find the nor-
malized value of P, with high precision {36} to be

Pcr =2Pcr.c =4”'f)t33‘P’pdp =23.4018 .

Hence, we establish the expression for the critical power
[36] as

Pcr.l =(me:.005/e:)fo gé(P’PdP‘w/wp.o’z
=1.6198X10%w/w, )" W .

The constant factor involved in this statement improves
on that given previously [18].

The relation between U,ip) and g4(p) enables the de-
velopment of the asymptotic expressions {in the case
€—0) for both the peak value of the amplitude of the sta-
tionary eigenmode and for the radius of the eigenmode by
using the appropriate characteristics of the Townes
mode. The results are

U,._Q(O)‘:(ZE)‘ :go(o)

and

for e —0.

Special computations were performed in orier to
determine how close the values for U 4(0) and
U,(0)=(2€)""g,(0) are in the case where e<<1. The
calcuiations show that U ,0)—Uy(0/Uy0) is
2.026X 10" % and 2.096 X 107° for e=10"° and 107°, re-
spectively.

IV. THE TWO-DIMENSIONAL CASE

It is convenient to treat Eq. 116) numerically using the
normalized coordinates

"
ro=r/ry . 2, =2/(2krg)
-1

ulry, 2, =a,'atrz),

where 7, 1s a characteristic radius of the initial intensity
profile and a,=max a!r,0)' for the selected value of q.
For simplicity, we put f,i7,)=f(r) and omit below the
subscript 1 of r, and z, for brevity. Thus, the mathemat-
ical statements can be expressed in the following set of
equations:

ou

3-+inu-*-iF(f|(r), ulu=0, z>0 21
z
ulr,0)=uglr), maxiuy =1 22)
él‘-lO.z)=O. utx,2y=0. 23
ar

The nonlinear term F is the real-valued operator
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F(fi,6)=a,[1=(1+a,£)"'"?

xmax(0,f,(r+a; ' Vil+a, &)t 0,

24

and the dimensionless parameters a,, a, are defined as

- 2 = = ey 2 2,32 N
al——(rokp) N 02—10/1’, Io—me'oa) [ ao/l“l‘rt’ ',

25

where [, is the peak intensity at the entrance plane
tz=0) of  the medium. The parameter
I, =m},w*c?/(4me*) is known as the relativistic intensity
[15].

The ratio of the power of the beam P, and the critical
power of the relativistic and charge-displacement self-
focusing P, defined in Sec. III, is an important parame-
ter characterizing Egs. (21)-(24). In the notations of the
present section, the value of P,/P . can be expressed in
the following way [36}:

Py/P..=(a,a,/B) [ " ugr)irdr,
o/P.=laa, fo ug(r)irdr
with dimensionless constant B given by {36}
B=2[ "gilppdp=3.72451 .
Jgdlprpdp=3.72451
i

When initial transverse-intensity distribution s
Gaussian, namely, iuq(r)|*=exp(—r*), we have

Py/P . .=a;a,/(2B) .

We note that in several other studies, the critical power
of the -elativistic self-focusing is defined alternatively, ba-
sically with B =4.0. In the present discussion, the ex-
pression for P,/P. involves a value of B <4.0, so that
the corresponding ratio P,/P_ is raised. Therefore. a
pulse having a Gaussian initial transverse-intensity distri-
bution and a flat initial wave front with the parameters
a,=248.6192 and a, =0.031, undergoes self-focusing. Ir
this case, the ratio Py /P, as defined above, evaluates to
1.0347, namely, P,>P.,. However, using the value
B =4.0 would give P, <P, a statement contradicting
the results of the computations.

A. The initial conditions

In this section, we examine the self-focusing of
coherent radiation for pulses having Gaussian or hyper-
Gaussian transverse and longitudinal intensity distribu-
tions [24] of the form

N
[', o=Iy(r,0)=1,exp[—(t/7T) '—(r/ro)\'] .

N 22, N, 22 26

B

with r and ¢ being dimensional. We assume [24] thut
I, =I>1*=10" Wcem ™2 with I* designating the ap-
proximate value of the threshold for rapid nonlinear 1on-
ization [1,2]. The spatial amplitude distribution of the =«
cident radiation, defined by Eq. (26) for the case of 2 7+

incident phase front, is of the form
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uo(r)=exp(—r'v’/2) , N,22. 27

The dimensionless parameter a, in Eq. (25), correspond-
ing to the incident pulse intensity on the axis (r =0) of
the beam [(t), is

ay=Igt1/1,=11, /1 exp[—(t/7)"]. (28)

The transverse profile of the plasma column, created by
the temporally leading edge of the pulse, is simulated by
the hyper-Gaussian function

Fin=exp(—(r/r,)) N, 22, (29)

where r is the radial coordinate. The aperture of the
plasma column r, can be estimated {24] with the use of
the relation

Io(r,.to)EIO(to)exp[—-(r,/ro)'v:]=1' . {30

For example, in the case of the Gaussian transverse inten-
sity distribution (.V,=2), the aperture of the plasma
column for I*=10'* Wem ™3, 1, =0.45X10° Wem ™3,
and [y(ty)=(0.1)I,, gives r, =2.47r,. In this situation,
the homogeneous plasma approximation f(r)=1 is valid
[24]. In contrast, it foilows from Eq. (30) for plateaulike
incident-transverse-intensity distributions that the aper-
ture r, of the simulated plasma column tends to the
value of the beam aperture ry. Therefore, in the example
given above for .V, =8, we have r, =1.25r,. Thus, de-
focusing of the beam, which is significant because of the
near coincidence of the apertures of the laser beam and
the plasma column, must be taken into account when the
evolution of a beam with a plateaulike incident-
transverse-intensity distribution is studied [24].

B. Relativistic self-focusing

Consider the two-dimensional (7, z) solutions of the sys-
tem of equations embodied in Egs. (21}, (22), and (23) for
the purely relativistic nonlinear term, the form of which
can be obtained from Eq. (24) by disregarding the term
involving V*. In this case, we find

Fif Si=a{l=frl+a, &~ ],

The relativistic self-focusing mechanism prevails over the
charge-displacement mechanism outside of the focal spot
under the conditions a; >>1, a, =1. (Discussion of the
conditions for the prevailing of the relativistic self-
focusing can also be found in Ref. [33]). The situation
represented by Egs. '21), 122), and (23), with the above
nonlinear term, describes self-focusing with a nondissipa-
tive saturation of the nonlinearity. The properties of the
solutions for this case depend essentially on the values of
two conserved integrals given specifically by

P,=J‘O’c ulrirdr 31

and
2

Qu —olr, u‘l)]rdr. 132)
or l
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where
_ 1
o(r.€) foF(r,n)dn
=a,{£—(2/a)f ((N[(1+a,6)'2=1]} . 33

Figure 5 illustrates the nature of the calculated solu-
ttons corresponding to this purely relativistic case. The
parameters of the incident radiation and plasma, for the
examples presented in Fig. 5, are A=0.248 um,
[,=0.45X10° Wcem™2 [,=3[,=3X10"° Wcm™,
ro=3 um, and N,,=7.5X10?® cm ™. The correspond-
ing values of the associated dimensionless parameters are
a,=2.486192x10%and a, = 1.

Figure 5(a) presents the result for purely relativistic
propagation in a homogeneous plasma along the z axis
for a pulse having an incident Gaussian transverse inten-
sity distribution and a flat wave front [N, =2 in Eq. (27)]
for the value of q defined in Sec. II B, corresponding to
I,=2z1,. Figure 5(b) presents the analogous graph for a
plateau like incident transverse intensity distribution
(V,=8in Eq. 27)]. We conclude from these results that
the solution is critically dependent upon the initial condi-
tion represented by the detailed character of the incident
transverse intensity distribution.

The ratio of the beam power (P,) to the critical power
(P_.) of the relativistic self-focusing for the given values
of the parameters g, and a, yields Py /P =22.252 in the
case of the Gaussian initial transverse intensity distribu-
tion [V, =2 in Eq. (27), Fig. 5(a)] and Py/P_, =20.168 in
the latter example of the plateaulike [V, =8 in Eq. 27,
Fig. 5(b)] initial transverse intensity distribution.

Note that for the values of the parameters a,.a, and
incident wave forms studied, we have from Eq. (32)
P, <0. In this situation, the following inequality is valid:

maxiu(r,z)|*>(4/a,a,)iP,! /P, , (34)

,

namely, with respect to the radial coordinate r, the max-
imum beam intensity has a positive lower bound indepen-
dent of z. This conclusion can be established in the same
way that Zakharov, Sobolev, and Synakh {37] demon-
strated the analogous result in their earlier work on seif-
focusing. Therefore, a powerful relativistic beam, which
self-focuses in a homogeneous nonabsorbing plasma
1u =0, Ref. [24)), results in a field distribution represent-
ing a pulsing waveguide when P, <0. Figures 5(a) and
5tb) explicitly illustrate the formation of such a regime.
These pulsing waveguides consist of alternations of ring
structures and focal spots on the axis of the beam. The
power confined in these complex modes represents ap-
proximately 50% and 90% of the total incident power for
the cases depicted in Figs. 5(a) and 5(b), respectively. It
should be noted that oscillating periodic solutions of this
type have also been presented by other workers (17].

In the case P, 20, an inequality comparable to Eq. (34!
cannot be obtained. Following the method of Zakharov,
Sobolev, and Synakh [37), we simulate the case P, 20 by
considering a beam initially focused or defocused by a
lens at the entrance plane (z =0) of the medium. Let the
focusing (or defocusing) length of this lens be R =kr3R.
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FIG. 5. Purely relativistic propagation with [,=3x10"
W.ems r o =3ium. ~=0.248um.and V,,=7.5X10%cm . -a)
The formation of the pulsing waveguide regime in the case of
the relativistic self-focusing of a pulse with a tlat incident wave
front: Gaussian iniual transverse-intensity distribution [.V. =2
in Eq. '27)], homogeneous plasma. ‘bl The formation of the
pulsing waveguide regime in the case of the relativistic self-
focusing of a pulse with a flat incident wave front: hyper-
Gaussian iminial transverse-intensity distribution [.V, =8 in Eq.
27], homogeneous plasma. '¢) The single-focus regime in the
case of the relatvistic self-focusing of an initially focused pulse
R.-R.,/21n Eq. '39]: Gaussian incident-transverse-intensity
distribution V. =21n Eq. i35, homogeneous plasma. 'd) The
formatton of the quasistabilized regime in the case of the rela-
nvistic self-focusing of a pulse with a flat incident wave front in
a plasma column [ V. =3, r, =r 1n Eq. 29']; hyper-Gaussian
imitial transverse-intense distribution 7.V, =8 1n Eq. 27

(R, dimensionless). The condition R 7 >0 signifies that
the pulse is initially focused and R/ <O indicates that it 1s
initially defocused. Then, the corresponding initial con-
dition can be written as

u,)(r)=exp[—rvz/lﬁ-irl/(ZR/)], N.22. R

Furthermore, let P, =0 for R, =R/, We note that ihe
case P, >0 corresponds physically to a high degree of the
initial focusing or defocusing: R;,> R, >0. Moreover.
when R, ,< R, < x,P,<0. ‘ '

Figures 5(a) and 5(c) display the calculated intensity
distributions for the case of relativistic self-focusing in
homogeneous plasma of beams with Gaussian incident-
transverse-intensity distributions and values of R, ziven
by R, = x flat wave front) and R,,/2, respectively. A
more detailed study of the dynamics of the transition
from the pulsing waveguide regime [see Fig. 5(a, to the
single-focus regime [see Fig. 5(c) representing the propa-
gation of an initially sufficiently sharply focused beam
can be found in Ref. [38]. Importantly, the computations
show that the value P, =0 is not the threshold separating
these two regimes of relativistic self-focusing. This tran-
sition occurs as the first focus gains power and is shifted
closer to the entrance of the medium iz =0), while the
remaining foci are shifted in the cpposite direction and.
in the limit of large displacement, become diffused. Note
that single-focus regimes of propagation have also heen
observed by Sprangle, Tang, and Esarey [17].

Defocused beams can evolve in a different fashion. Ini-
tially sufficiently sharply defocused pulses "R -
R; SR(,/2, P,>0) propagating in the relativistic re-
gime monotonically diffuse on the radial periphery anu
do not exhibit the phenomenon of self-focusing.

The detailed spatial character of the plasma column
can have a strong influence on the evolution of the prop.::
gation. Figure 5(d) illustrates the relativistic propagat:
in a plasma column along the z axis for a pulse corre
sponding to .V, =8 in Eq. (27). The transverse profiic
the plasma column is given by f(r) as defined by Eq. -
with V,=8 and r, =r;. The comparison between F :-
5(b) and S5(d) demonstrates that the defocusing !
hyper-Gaussian beam in a plasma column, with an ipe-
ture close to the radius of the beam, fundamentally it~
the spatial dynamics of the propagating energy (24~ 1°
defocusing causes a fraction of the beam to spread 1w ..
from the column, but the remaining energy of the ~e
resolves into a state that balances the reiativistic -«
focusing, defocusing, and diffraction. The power trarr- :
in this quasistabilized state so formed is approxima: - .
25% of the incident power.

Previous analytical estimates [38] have shown th.:
relativistic self-focusing length is minimal when ‘e
cident pulse intensity on the axis of the beam satisiics
condition [4(t)=2I,. Moreover, specific compui.i
also show that this inference remains valid for the . .
the relativistic self-focusing of pulses with fla:
phase fronts and Gaussian incident-transverse-i—
distributions in homogeneous plasmas.

The locus of the first focus for the case of the -
tic self-focusing has been presented previousiy .-
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that study, the beam initially had both a flat phase front
and a Gaussian transverse-intensity distribution. The pa-
rameters were the same as those applying to Fig. 5(a), and
the duration of the pulse corresponded to r=0.5x10""3
s. The minimal z of the locus is reached when I;(1)=2] .
If the maximum intensity on the axis of the beam is such
that I, > 2/,, then the trajectory of the first focus exe-
cutes a path that has three reversal points. Two of them,
corresponding to an identical value of z, are due to the
condition I(£)=2[,. The central one, corresponding to
a greater value of z, arises when I4(2)=/,. In principle,
this behavior makes it possibie to distinguish the process
of relativistic self-focusing from that associated with the
Kerr nonlinearity, since the latter results in a locus of the
first focus having only a single reversal point.

C. Relativistic and charge-displacement self-channeling

This section is devoted to the description of the self-
channeling occurring when both the relativistic and
charge-displacement mechanisms are included in the in-
teraction. This situation is described by Egs. (21)-124)
and includes the important nonlinear term involving vy
appearing in Eq. 124). The numerical results show that
sufficiently intense short duration ir, >>7>>r,) axisym-
metric pulses readily undergo self-channeling in plasmas
over a rather broad range of conditions. Moreover, it is
found that a large fraction of the total incident power of
the beam can be trapred in a stabtlized mode confined to
the axis of propagation.

A specific example is informative in representing the
general behavior exhibited by the propagation in the re-
gime in which the influence of relativity and charge dis-
placement are both significant. These results are exhibit-
ed in Fig. 6. In the case of propagation of an imtially
Gaussian transverse wave form incident in a homogene-
ous plasma, with the parameters A=0.248 um,
I,=:1,=3x10" Wcm™:, ry=3um, and N,,=7.5
%10 cm ™ (g, =248.6192, a,=%, Py/P,=22.252),
the numerical computations show that, as soon as the
first focus on the axis of propagation is formed, electronic
cavitation occurs. Specifically, this leads to complete ex-
pulsion of the electronic component of plasma from the
paraxial domain {Fig. 6(b)]. This process results in a
quasistabilized cavitated channel in the electron distribu-
tion which extends along the entire axis of propagation
past the location of the initial focus [26]. We note that
some of the lowest stationary solutions corresponding to
the relativistic and charge-displacement problem, includ-
ing cavitation, were Jdeveloped by Sun et al. [18]. The
analysis shows that the first focus involves abont 45% of
the total incident power of the propagating energy. A
fraction of the remaining power is dissipated through
diffraction on the periphery, while another component is
temporarily involved in the formation of a pulsing ring-
shaped structure {Fig. 6(a)]. Subsequent energy exchange
between the ringlike feature and the paraxial zone is ob-
served, and as a consequence of this interaction, a certain
part of the energy of the pulsing ring is diffracted away
while the remaining power joins the paraxial domain.

In finer detail, the following aspects of the evolution of

e ————
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the radiative energy are also revealed by the calculations.
As described above, after the formation of the first focus,
considerable power is transferred from the paraxial focal
zone to the ring-shaped feature, which, at this stage in
the evolution of the pulse, contains approximately 689
of its total initial power. This intense ring, which spreads
away from the paraxial domain, produces a correspond-
ing ring-shaped cavity in the electronic distribution [see
Fig. 6(b)]. The refraction resulting from this strongly
perturbed electron-density profile, together with the rela-
tivistic self-focusing mechanism, causes the wave to re-
turn energy to the core of the beam. Thus, the charge
displacement produces a potent additional self-focusing
action, which leads to the formation of a confined paraxi-
al mode of high intensity stabilized along the axis of

{c)
[.r [
M, N
r(.m)

FIG. 6. The self-channeling of a puise with a Gaussian tnit1ai
transverse-intensity distribution [V, =2 in Eq. 127}] and a fus
incident wave front 1n initially homogeneous plasma in the case
of the relativistic and charge-displacement propagation with
[,=3x10" W/em’, r;=3 um, A=0248 pupm. o
V.=V ,=7.5%10°° cm ™’ (a) The distribution of the normu
1zed ntensity. tb) The distribution of the normalized electr -
density. '¢) Radial dependence of the asymptotic solutions * -
the normalized amplitude [[,(7)/I,]"'* and the normalized ¢:<.
tron density Ns(r1 /N, for s =0.554.
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propagation. This phenomenon of confined propagation
is designated as self-channeling. It should be noted that
the calculations of the electrostatic energy associated
with the charge displacement, which is given by the ex-
pression W=4“f,’)'E§r dr. with the electrostatic field
E. defined by the equation VE. = —47p and r. designat-
ing the radial extent of the channel, show that this energy
can be relatively small. Specifically, for the conditions
represented in Fig. 6b) 12 =95.4 um)], the electrostatic
energy ( W) accounts for only 0.18% of the total energy
of the laser radiation per unit length.

The essential finding of these calculations is that the
combined action of the relativistic and charge-
displacement mechanisms produces a strong tendency for
the generation of spatially highly confined modes of prop-
agation which are stabilized along the axis of propaga-
tion. Furthermore, the study of a range of other cases in-
dicates that these modes are exceptionally stable and that
a considerable fraction of the incident power can be
confined in them. The result is the controlled generation
of a very high peak intensity in these channeled modes
with values reaching ~10°' W/cm* for the range of con-
ditions studied.

Important characteristics of the asymptotic behavior
of these confined modes have also been established. It
has been shown that the distribution of the amplitude
utir,z), for large values of z, tends asymptotically to the
lowest eigenmode of the nonlinear Schrodinger equation
isee Sec. [II). Specifically, for the example discussed
above, the computations have demonstrated that the
asymptotic radial amplitude distribution corresponds to
the lowest eigenmode with s =0.554. In this case, the
asymptotic intensity distribution [ (r1=U7,(r contains
46% of the total incident power.

The normalized asymptotic field amplitude
(Iirv/1,}' * and the corresponding normalized asymp-
totic plasma electron density .V (r1/V, are depicted in
Fig. 6ic). It should be noted that the profiles of the inten-
sity [tr,2i and the electron density .V(r,z), obtained as
the results of the dynamical calculations of the propaga-
tton for z =900 um, differ from [ (r) and N ir) for
s =0.554 by much less than 1. In addition, we observe
that the energy of charge displacement for r.=2.5 um in
the asymptotic state accounts for a fraction of
9.45% 107" of the total energy of the beam per unit
length. We observe that this tendency for a solution of a
nonhinear Schrodinger equation involving a saturable
nonlinearity to converge to the lowest stationary solution
was originally discovered by Zakharov, Soboiev, and
Synakh [37].

For the range of parameters studied. the calculations
clearly show that the charge displacement has a very
strong influence on the character of the propagation after
the first focus is formed. The pulsing intensity structure,
consisting of alternating foci on the axis of propagation
and peripheral focal rings, which is the usual behavior for
the purely relativistic seif-focusing {see Figs. Sia) and
5ibt], is converted into a stabilized and uniform channel.
Collaterally, a stabilized cavitated channel in the electron
density is also formed. We remark that the periodic in-
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tensity structure characteristic of the relativistic self-
focusing occurs for great values of z and, therefore. may
be regarded as the corresponding asymptotic solution of
the purely relativistic case. The charge displacement
leads to the formation of the asymptotic amplitude distri-
bution represented by the corresponding lowest c¢igen-
mode U, 4 r) instead of this pulsing structure.
Computations have been also performed for the propa-
ganon of incident plateaulike wave forms with flat in-
cident phase fronts in both homogeneous plasmas and
plasma columns. Additional calculations, have also ex-
amined the behavior of focused Gaussian and plateaulike
incident wave forms as well as defocused Gaussian in-
cident wave forms in homogeneous plasmas see Figs.
7-11. It is found that the main features described

WA

= (d)

I 1 ©
VorooA
o)

FIG. 7. The seif-channeling of a pulse with a hyper-Gaussarn
incident-transverse-intensity distribution {.V.=8 in Eq I~
and a flat initial wave front in imtially homogeneous plasma " -
the case of a relativistic and charge-displacement propagat:-»
with [,=31x10" W/cm? ry=3 um, A=0.248 um. .nd
N, =V ,=7.5%10"° cm ™ . 1a) The distnbution of the norm
1zed intensity. (b) The distribution of the normalized elec:r -
density. '¢) Radial dependence of the asymptotic solutions - -
the normalized amplitude (£,(r)/I;]'° and the normalized =:c.
tron density ¥ (r1/N, for s =0.515.
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above, namely (1) self-channeling, (2) stabilization of the
mode of propagation, (3) the confinement of a substantial
fraction of the incident power, and (4) the formation of
paraxial cavitated channels in the electron distribution
are common aspects of the dynamics over a wide range of
conditions.

The character of these findings is now 1llustrated with
five representative exampies. For the propagation of a
beam with an incident plateaulike transverse-intensity
profile, given by Eq. (27) with V. =8, which has a flat ini-
tial wave front incident on an initially homogeneous plas-
ma (the values of the parameters have been adopted from
above and P, /P, =20.168), the asymptotic radial profile
of the intensity distribution contains approximately 77%
of the incident power [Fig. 7(a)]. The corresponding
asymptotic amphtude is the lowest eigenmode of the non-
linear Schrodinger equation with s ~0.515. The propa-
gation of the same wave form in a plasma column, with
the initial electron distribution defined by Eq. 129) with
N,=8 and r, =r,, results in a quasistabilized intensity
distribution containing 34% of the incident power [Fig.
8(a)]. The purely relativistic propagation of incident pla-
teaulike pulses [V, =8 in Eq. (27)] in plasma columns
{V,=8and r, =r, in Eq. (29)] also results in the forma-
tion of quasistabilized regimes which, in this case, arise
dynamically from the defocusing action of the refraction

.

l‘ i

/rr” )

FIG. 8. The self-channeling of a pulse with a hyper-Gaussian
incident-transverse-intensity distribution [ V. =38 in Eq. 27]
and a flat imtial wave front in a preformed column-shaped plas-
ma (V. =8, ry =7, 1n Eq. 129} for the case of relativistic and
charge-displacement propagation with /,=3x 10" W/cm,
Fa=3 pm, A=0.248 um, and ¥, =V, ,=7.5%10"° cm "’ ‘a)
The distnbution of the normalized intensity. tb) The distrnibu-
tion of the normalized electron density.
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generated by the transverse profiles of the electron densi-
ty [24]. For this situation, approximately 25% of the to-
tal incident power is confined [Fig. 5(d)]. The compar-
ison of these cases with the two examples discussed above
involving the charge-displacement mechanism indicates
that the increase in the value of the confined power stems
principally from the substantial additional focusing ac-
tton ansing from the inhomogeneous electron distribu-
tion produced by the ponderomotive force.

Overall, the computations reveal that the charge dis-
placement, which generally results in electronic cavita-
tion, plays an important role in stabilizing the mode of
confined propagation that develops dynamically. This
stabilization naturally occurs by refraction of the radia-

- (b)

‘.\I\\X

(c)

rfwm)

FIG. 9. Self-channeling of an initially focused (R, =R. ;.2
in Eq. 1351} pulse with a Gaussian incident-transverse-intensity
Jistribution [V, =2 in Eq. (35)] in initially homogeneous plasma
for the case of relativistic and charge-displacement propagation
with [,=3x10" W/cm®. ry=3 um., A=0.248 um. and
V. =N, ,=75x10"° cm . a) The distribution of the normal-
1zed intensity. ib) The distribution of the normalized electron
density. '¢) Radial dependence of the asymptotic solutions for
the normalized amplitude [7,(r)/1,]" ® and the normalized elec-
tron density V.t r1 /N, for s =0.566.
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tion into the central paraxial region. Indeed, the
influence of the charge displacement on the propagation
is so strong that self-channeling occurs even in the cases
of extremely focused and defocused incident wave forms.
The results of the corresponding calculations for ex-
tremely focused tncident wave forms, for R, =R.,/2
‘EqQ. 1351, with both Gaussian (V. =2 in Eq. '35 and
plateaulike _V.=3 n Eq. 35] incaident-transverse-
intensity distributions. are deprcted in Figs. 9 and 10. re-
specuively 'the parameters of beam and plasma being the
same as the other examples above!. In these two cases,
the asymptotic transverse profiles of the amplitude and
the electron density are found to correspond to the lowest
eigenmodes of the nonlinear Schridinger equation with
values of the parameter s ~0.566 iFig. 9) and s =~0.505

A. B. BORISOV er al. 45

(Fig. 10). Note, in strong contrast to the situation involv-
ing charge displacement, the analogously strongly fo-
cused incident wave forms for the purely relativistic case
propagate in the single-focus regime {Fig. 5(c}], and stable
confinement does not develop.

Figure 11 illustrates the relativistic and charge-
displacement propagation of an initially strongly de-
focused wave form [R;=—R,,/2 in Eq. (35)] having a
Gaussian initial transverse-intensity distribution [.V. =2
in Eq. 135)]. After the initial stage of the defocusing, this
pulse evolves into a paraxial structure that is analogous
to those described above. Furthermore, in this example
the asymptotic transverse profiles of the amplitude and
the electron density are found to correspond to the [owest
etigenmode of the nonlinear Schrdodinger equation with

FIG. 10. The seif-channeling of an imtially focused
‘R.=R.,,21n Eq. '35] pulse with a hyper-Gaussian incident-
transverse-intensity distribution {.V. =8 1n Eq. 135} in imnally
homogeneous plasma for the case of relativisic and charge-
displacement propagation with [, =3% 10" W/em*, r, =13 um,
A=0.248 um.and .¥,=V, ,=7.5%x 10" cm "*. 'al The distribuy-
tion of the normalized intensity. b The distribution of the nor-
malized electron density. ¢! Radial dependence of the asymp-
totic solutions for the normahized amplitude {/ (r1/I.}" * and
the normalized electron density V.1 r - ¥, for s =0.505.

(¢

rf.m)

FIG. 11. The self-channeling of an initially defocused
R, =—R,4/2 in Eq. 135)] pulse with a Gaussian incident-
tra'nSVerse-'mtensity distribution [¥; =2 in Eq. (35)] in imually
homogeneous plasma for the case of relativistic and charge-
displacement propagation with [, =3X 10" W/em®, ry=1 um.
A =0.248 um. and NV, =V,,=7.5%X10°° cm . i1a) The distribu-
tion of the normalized intensity. (b) The distribution of the nor-
mahzed electron density. (c) Radial dependence of the asymp-
totic solutions for the normalized amplitude {Z,(r'//.. * na
the normalized electron density V,(r)/ N, for s =0.800.
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s =0.800.

For these values of the dimensionless parameters as-
sumed in thése examples (Figs. 9-11) (a, =248.6192,
a,=4%, that is Py/P  =22.252 for Gaussian incident
wave form), the magnitude of the quantity R, =R,,/2,
the factor determining the degree of the initial focusing
tdefocusing), is 0.124. For A=0.248 um and ry=3 um,
the focusing distance R =krjR,,/2, used in the exam-
ples above, has a magnitude of 28.35 um. The fact that
the seif-channeling of such extremely focused or de-
focused distributions occurs (Figs. 9-11) means the self-
channeling should be expected to be nearly independent
of the initial conditions of focusing or defocusing.

A critical power P for self-channeling arising from
the relativistic charge-displacement mechanism can be
defined. We now discuss this issue with a model
developed in an earlier study. The threshold power P, is
defined as the power that separates the asymptotic behav-
1or, with respect to large distance of propagation (z), into
two distinct classes. Since its definition rests on an
asymptotic property, it can only exist in the limiting case
of vanishing losses (u=0 in Ref. [24]). For a power
P < P_, the asymptotic transverse-intensity profile tends
to zero at large z. In contrast, for P 2 P_, the asymptotic
profile of the intensity tends to the lowest eigenmode of
the governing nonlinear Schrodinger equation. Addition-

We now comment on the behavior of pulses having ini-
tial amplitude distributions U,(r} close to higher eigen-
modes V, (7, n 2 1. These higher modes generally are
assoctated with electronically cavitated channels. The
self-channeling in these cases could result in asymptotic
distributions of intensity and electron density corre-
sponding to certain higher eigenfunctions
I, =V} ri, N, (r), n21. In particular, this conjec-
ture has established an initial amplitude distribution
Uytr), which is close to the first eigenmode V_ (r) with
s =0.544. Direct numerical calculations showed that the
asymptotic distributions of both intensity and electron
density that evolved in this case correspond to the first
eigenmode [, ,tr) =¥ ir), N, (r) with 5 essentially equal
to 0.544. It should be additionally noted, however, that
these higher eigenmodes (n 2 1) are quite possibly unsta-
ble against small azimuthal perturbations that destroy
their axial symmetry.

The principal result of this section is the finding that
the combined action of the relativistic and charge-
displacement mechanisms can result in self-channeling
with the formation of stabilized paraxial modes over a
rather wide range of physical conditions. Moreover,
these spatially confined modes are generally associated
with corresponding cavitated channels in the electron
density. Finally, the characteristics of these channeled
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ally, the normalized value of this critical power is exactly
twice the corresponding normalized value of the critical
power for the Kerr effect self-focusing found in cubic
media for initially flat wave forms (34,37). The expres-
sion corresponding to this critical power [36] for the rela-
tivistic and charge-displacement mechanism is

=(mcS/el) [ "g2
P.=(m sc’/e )fo go(p)pdp(a)/a)‘,'o)2
=1.6198X10%w/w, o) W, 1361

where g,(p) is the Townes mode [34).

It has also been shown that the value of the relativistic
and charge-displacement self-channeling threshold
power, in cases involving initially focused or defocused
beams, exceeds P and depends on the degree of the ini-
tial focusing or defocusing. For a given magnitude of the
curvature of the wave front, the value of the threshold
power for initially defocused beams is greater than that
for initially focused beams. Finally, it has been shown
both analytically and numerically that for seif-channeling
of an arbitrary wave form to occur, it is sufficient that the
Hamiltonian of the purely relativistic case, considered as
a functional of the initial transverse amplitude distribu-
tion, should be negative [36). The precise statement ‘or
this condition is

o1} }rdr <0. 37

modes have asymptotic behavior that is described by the
appropriate lowest eigenmodes of the governing non-
linear Schrodinger equation.

V. CONCLUSIONS

A theoretical approach suitable for the numerical in-
vestigation of the two-dimensional (r,z) dynamics of
propagation of coherent ultrashort (7, >>r>>r,) relativ-
istic laser pulses in cold underdense plasmas has been
developed. Four basic physical phenomena are included
within the scope of this method. They are (1) the non-
linear dependence of the index of refraction due to the
relativistic increase in the mass of the electrons, (2 the
variation of the index of refraction resulting from th«
perturbation of the electron density by the ponderom.
tive force, (3) the diffraction of the radiation, and (4 th«
refraction caused by nascent transversely inhomogene: .-
electron-density distributions. The equations studied
this work may be regarded as the generalization of th.~
treated previously in other studies [18,19,33] involving -
itially inhomogeneous plasmas. Further studies are « -
tinuing with an extension of this analysis, which includ.
the azimuthal coordinate in the description of the prir .
gation.

126




5844

The main conclusions stemming from the calculations
are the following.

{1) The cooperative effect of the relativistic and
charge-displacement mechanisms leads asymptotically to
stable high-intensity z-independent modes of self-
channeling, and a major fraction of the incident power
can be confined in these paraxial modes. Stabie cavita-
tion of the electron density is a general feature of these
spatially confined modes.

i2) The z-independent modes, to which the solutions of
the equation describing the relativistic and charge-
displacement propagation tend asymptotically, are recog-
nized as the lowest exgenmodes of the governing nonlinear
Schrodinger equation.

i3) A separate study of purely relativistic propagation
shows that beams with flat incident phase fronts exhibit a
pulsing behavior in homogeneous plasmas but can under-
g0 quasistabilization 1n suitably configured plasma
columns. However. sufficiently sharply initially focused

A. B. BORISOV er al.
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beams generally exhibit the development of only a single
focus. In significant contrast, the present study shows
that with both the relativistic and charge-displacement
mechanisms, initially focused beams also generally lead
to confined modes of propagation. Finally, it should be
noted that the equation for relativistic self-focusing can
be considered as a general model equation of propagation
in saturable nonlinear media.
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Abstract

The spatial control of the energy deposited for excitation of an x-ray amplifier plays an important
role in the fundamental scaling relationship between the required energy, the gain and the wavelength
New results concerning the ability to establish confined modes of propagation of short puise
radiation of sufficiently high intensity in plasmas lead to a sharply reduced need for the total energy
deposited, since the concentration of deposited power can be very etficiently organized.

I Discussion of Research

Recent theoretical!'2 and experimentald studies have led to a fundamental development concerning
the generation of high-brightness x-ray sources. These resuits affect our ability to controilably
apply very high power densities in materials, the basic issue for the creation of bright and efticient
sources of radiation in the x-ray range. The main significance of this work is the establishment
of the scaling law concerning the energy requirements for x-—ray amplification in the kilovolt range
shown in Fig. 1. Importantly, the parameters represented in Fig. 1, and which define the relationship
presented, are based on both theoretical and experimental information.

The critical governing issue, which determines the scaling relationship between the required
excitation energy (E) and the amplifier gain (G) of x-ray lasers, is the spatial controi of the
deposited energy. The information presented in Fig. 2 shows that optimizing the gain (G) per
unit energy (E) calls for the quided mode of propagation in order to optimally control the deposition
of the energy.4 Overall, in comparison to traditional forms of excitation, tor a fixed x-ray energy
output (Ey) and wavelength (A}, a reduction of several orders of magnitude in the necessary
energy (E) results, as shown in Fig. 1, if this form of confined (channeled) propagation can be
achieved. Therefore, if this scaling holds, a relatively small and useful laboratory—scale technology
becomes feasible.

Recent experiments.3 which are supported by carefully developed theoretical analysis,“2 have
demonstrated the basic physics of a new form propagation exactly of the type necessary for the
implementation of x-ray lasers of a ftundamentally new regime ol electromagnetic propagation 1s
expected to arise in plasmas for short-pulse radiation at sufficiently high intensity. Dynamical
calculations of the propagation in plasmas, incorporating both relativistic'® and charge—displacement
mechanisms.z's‘ indicate that the combined action of these processes can lead to a new stable
form of spatially channeled propagation. Specitically, these experimental studies which have
examined a new relativistic regime of high-intensity short-pulse propagation in plasmas, present
evidence for the information of such a stable mode of spatially confined (channeled) propagation
For an electron density of ~ 1.35 x 10*" c¢m™ and a power of ~ 3 x 10'" W, the results indicate
3 rhannel radius < t um and a peak intensity ~ 10'° W/cm®?. Comparison of these findings with

+ To be published in Praceedings.of.rhe_International.Conference_an_Lasers.l9l,
edited by S. J. Duarte and D. G. Harris
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are the same as in Fig. 1 with X\ the wavelength of the excitation energy, ass.™-:
longitudinally delivered. and with p, p*. and pg, representing the particle, inversion -
electron densities, respectively. The analysis shows that optimization of G/E requir=:
guided mode of propagation so that high concentrations of power can be organized
high—-aspect-ratio spatial volumes.
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a dynarucal theory2 yield close agreement for both the longitudinal structure and the radial
extent of the propagation observed. These results represent a profound change in the field of x-

ray laser research because they alter drastically the fundamental scaling relationships among the
relevant physical variables.

The implications of this development for general applications t0 x-ray imaging and the micro~
characterization of condensed matter are extremely important and propitious. [In terms of the x-
ray source. they are (1) that a properly controlled energy deposition rate, sufficient for tnhe
production of stimulated x-ray sources up to a few kilovolts in gquantum energy, can now zZge
achieved with an excitation energy of ~ 1 J, (2) that an x-ray output energy of ~ 1 mJ per puise
is achievable with |aboratory—scaie technology, and (3) that an x-ray beam diameter (~ 2 - 3 .mi
arises as a natural consequence of the physics. These parameters represent an exceptionally high
peak brightness figure that permits a new and completely unexplored range of physical measurements
to be made. Indeed, a high-brightness source of this nature is ideal for the microimaging of
condensed matter. In particular, an x-ray source with these parameters is perfectly matched ::
the requirements for hoiographic imaging of biological materials'0=1% in terms of all its relevant
properties, specifically, wavelength (10 — 40 K), pulse energy (~ 1 mJ). pulse length (- 1077 5,
beam diameter (~ 2 - 3 um), and divergence (~ 1 mrad).

[1._Conclusion
Recent experimental and theoretical results on electromagnetic propagation at high intensities

in plasmas lead to very favorable scaling relationships for high-brightness x-ray amplifiers. Such
x-ray sources will have important applications in the holographic imaging of biological materials.
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